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i
ABSTRACT

Several inspection techniques have been developed over years. Recently, infrared
thermography (IRT) technology has become a widely accepted as a nondestructive
inspection (NDI) technique for different fields and various applications as well. Infrared
thermography stands as one of the most an attractive and a successful NDI technique that
has ability to detect the object’s surface/subsurface defects remotely based on observing
and measuring the surface’s emitted infrared heat radiation by using an infrared camera.
The finite element modeling FEM ANSYS was successfully used for the modelling of
several IRT techniques; such as Pulsed Thermography (PT) and Lock-in Thermography
(LT) that can be used to detect the in-plane defects which are parallel to its surface;
besides a Laser Spot Thermography (LST) technique that can be used to detect the cracks
which are perpendicular to its surface. Furthermore; this thesis describes how LST
method can be extended to a new technique, Laser Digital Micromirror Thermography
(LDMT), based on using a digital micromirror device (DMD) that has ability to generate

multi-hot spots onto the specimen’s surface being examined by using single laser source.
In one hand, this thesis aims to show investigations about infrared thermography
technology as a non-destructive inspection by using numerical modeling methods via
ANSYS. On the other hand, this thesis presents FEM ANSYS as a powerful tool allows
doing several inspections, analyses, and evaluations of thermography techniques tests
based on numerical modeling simulations and comparing their results to the
corresponding experiments in literature experiment tests to validate these simulations and
show a reasonable agreement to use ANSY'S as a thermography inspection tool for future

study and researches.
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1. INTRODUCTION

1.1 OVERVIEW

Shigeo Shingo, head of Toyota, once said “Quality can be assured reasonable only
when it is built in at the process and when inspection provides immediate and accurate
feedback at the source of defects” [1]. In reaching this goal, infrared thermography
techniques have ability to provide a high speed inspection for the surface and sub-surface
defects (faults) of large areas without damage them and may be useful in determining

root cause.

This introductory section introduces the background and motivation for this thesis
and will begin with talking about Non-Destructive Inspection (NDI). Non-Destructive
Inspection (NDI) represents an attractive tool and a highly valuable technique that can be
used to increase the service life of critical structures which can save resources and extend
the useful lifetime of the inspected specimen because this technique does not affect the
properties of the object being inspected [2]. NDI represents a safe technology that refers
to the detection of defects or subsurface defects without causing any damage, harm, or
effect on the operation of the equipment and without changing its integrity and properties
[2,3,4]. It has been used for over 30 years in a variety of field; such as agriculture,
railways, aviation, automotive, power plants, civil structures, transportation,

manufacturing, environment, art, and medicine [5].

NDI methods include an extremely wide range of techniques; such as eddy-

current testing [6], ultrasound [7], acoustic emission testing [8], radiographic testing [9],
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shearography [10], liquid penetrant testing [11], magnetic-particle inspection [12], and

infrared thermography (IRT) as well [13].

Among these different NDI evaluating techniques, Infrared Thermography (IRT)
is commonly used as a powerful tool for detecting subsurface defects for achieving fast
inspection for large surfaces [14,15]. IRT is a remote technique that has the ability to
measure an object’s temperature distribution from a distance without needing to contact it
and this occurs in real time. It represents a fast and an economic inspection method since
it allows evaluating and inspecting the components locally without needing to remove
and move them to the local inspection laboratory [16-18]. In this thesis will focus on IRT

techniques as a powerful nondestructive inspection modality.

Infrared thermography is a technology that commonly uses an infrared thermal
camera in order to capture the temperature distribution on a surface being examined and
display it as a visible information as a thermal image; i.e. the temperatures on the
examined surface can be measured in real time and can be detected from a distance as a
remote technique [19]. Infrared thermal cameras (IR camera) play an important role and
represent a main part among the other thermography components since it has ability to

observe and image the temperature differences (thermal contrasts).

Infrared thermography (IRT) is a technology based on electromagnetic radiation.
Based on the black body law, it is well known that any object with a temperature
equal/above than absolute zero (T > 0 K) emits an electromagnetic radiations [18].
Infrared radiation (IR) represents one of these electromagnetic radiations, where the

intensity of the infrared radiation emitted by objects represents a function of their
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temperature. Therefore, it can be used as a valuable indicator to measure the temperature
of an object, in which the higher the body’s temperature, the greater the infrared radiation
emitted [20]. IR radiations is invisible radiations with a wavelength (0.75 to 14 um)
longer than visible light which the human beings perceive it as heat, and it can display as
visible information by using an IR camera. IR represents a thermal energy that can be
captured by an infrared camera and transformed into electronic signal (image processing)
which expands to the visible image as a two-dimensional (2D) image. This captured 2D
image represents the temperature distribution on the test specimen’s surface, i.e. infrared

thermography can be classified as 2D technique for temperature measurements [21-23].

IRT was a rarely used technique due to some challenges, such as the high prices
and the weak performance of the infrared thermal camera. However; over two decades
ago, IRT has increased in popularity and became an increasingly common investigation
technique with the greater availability and falling prices of infrared thermal cameras.
Basically, the current modern infrared thermal cameras have benefited from the military
technology purposes which are used to provide the night vision/visualization of humans
in complete darkness and sand storms [24, 25]. Thermal infrared cameras has been
expanded to be used for non-military applications besides NDI applications; such as
aerospace, security, transportation, civil market, industrial applications, law enforcement,
firefighting, and many other industries [25].

Basically, there exist several thermography techniques that evaluating the time
dependence of temperature distributions. Where the techniques evaluating the steady-
state thermography is often called static thermography or passive thermography, while

the techniques that evaluating dynamic temperature contrasts are also called dynamic
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thermography/active thermography, in which the specimen’s surface being examined is
actively excited by external excitation source; such as thermographic flashes, halogen
lamps, or laser beam etc.

IRT can be performed either in passive or in active approach [16,26,27]. Where
the passive approach thermography is used to examine and evaluate materials that are at
different temperature than ambient (often higher); such as heat losses in buildings,
monitoring of power stations, and in skin temperature mapping (as biology or medicine)
[25]. These applications are known as steady-state (stationary) thermography, since there
IS no external excitation is needed to use [16,24,25]. Whereas in the case of the active
approach; an external excitation source is used such as; optical flash lamps, halogen
lamps, cold or hot air guns, in order to disturb the material and produce thermal contrasts
which can be detected by an infrared camera [23]. Where, the different active methods
vary in the way that the thermal energy is sent to the inspected specimen’s surface.

There exists several active infrared thermographic inspection techniques have
been developed. The two main classical or conventional of these IRT techniques are
pulsed thermography (PT) and lock-in thermography (LT). Most of active infrared
thermography techniques; such as PT and LT, are based on the principle of delivering a
thermal energy into the object being examined, in which the heat propagates by diffusion
through the material, and then the thermal response is observed and recorded via IR
camera to reveal the defects presence. But they vary in the method that they are
practically implemented [16,27]. Where in PT, a heat pulse of a short duration is applied
to the specimen’s surface being inspected, and then the thermal evolution of the

stimulated surface is observed in transient state. While in the LT, the examined
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specimen’s surface is stimulated by an amplitude modulated heat wave and the surface
thermal evolution is observed in steady state [27].

In general, in conventional setups of active thermography techniques, relatively
homogeneous uniform heat energy is applied perpendicularly to the specimen’s surface
being inspected in form of thermal heat pulses as in pulsed thermography (PT) technique,
or in form of periodic thermal waves as in lock-in thermography (LT) [13,16].
Consequently, thermal diffusion from the surface changes the temperature near the defect
region after a thermal transit time. Then the resulting temperature distribution at the
surface is recorded with an infrared thermal camera, then evaluating these data allows
estimating the heat flow into the object. In doing so it is possible to resolve and reveal
many varieties of any anomaly or defects; such as breaks, disbond, voids, cracks, pores,
or delaminations [23].

In particular, pulse thermography (PT) technique, see section 3, represents one of
the most popular extensively evaluated active thermography technique because of its
easiness of deployment and due to it represents such a fast technique and safe as well
[28]. PT technique was developed for the purpose of non-destructive inspection testing
(NDI) of materials and structural components, particularly for subsurface of solid bodies.
One of the basic thermal physical properties is its ability to propagate by diffusion
through the materials, depending on the thermal capacity and the thermal resistance of the
materials [28,29].

In pulse thermography (PT), the inspected specimen’s surface is warmed up by a
(short/long) heat pulse, depending on the thermophysical properties of the inspected

specimen materials and the defect as well, by using high power external excitation
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sources, then the heat pulse propagates through the inspected specimen starting from the
stimulated surface toward the inside one (rear side). Then the time evaluation of the
surface temperature is monitored and the temperature on the surface temperatures
distribution is observed by using an infrared camera. Any subsurface non-homogeneities,
discontinuity (flaws/fault), or buried object of different heat properties, then this
discontinuity (defect) acts like a thermal barriers and works as a thermal resistance that
prevent the thermal propagation and will impact the dynamic local heat energy through
the sample crossing this non-homogeneities by changing the heat flow rate. These non-
homogeneities will appear in the observed image that obtained by IR camera,
representing as a defective zone with different temperature (often higher) with respect to
the reference zones (non-defective) [33,34]. Reference zone represents the pure/ non-
defective area of the test sample which does not has any hidden/subsurface
discontinuities. The time evaluation of the surface temperature represents a suitable way
that allows observing the subsurface defects and detecting this non-homogeneity; due to
it reflects the extent to which this discontinuity is probable existed. Where the imaging
time after the pulse corresponds to the information depth as a consequence; due to the
thermal pulse front needs some time to propagate the material and reach the depth of the
material depending on the material’s thermophysical properties, specifically the thermal
conductivity (k), and the thermal energy power [35].

The most advantage of pulsed thermography is this technique represents such a
quick thermography technique; due to in PT technique, the information about variant
depths of specimen can be obtained from some thermograms, which is taken within

seconds after a single irritation short heat pulse. However; there is a challenge which can
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be represented by that the PT technique is affected by some external factors; such as non-
uniform heating, and also, the induced temperatures have to exceed the noise level of the
camera as well. Therefore, PT technique is not suitable method to detect very weakly
temperature signals [36,37].

Another common classical an active thermography technique is a lock-in
thermography (LT), see section 4, which is also known as modulated thermography or
thermal wave imaging [16,26,28,33,34]. Lock-in thermography (LT) is an active
thermography technique that has been developed and employed to improve the detection
capability of surface or subsurface flaws in many various materials, especially these with
high thermal conductivity (k). This technique is based on using a periodic thermal wave
as a periodic excitation method to detect subsurface defects or any non-homogeneity.
Lock-in Thermography is based on the fact that the periodic thermal wave has the
characteristics of the wave such as phase and amplitude that can be applied for flaws
detection. Where after applying periodic thermal waves into the specimen’s surface being
examined then these will propagates by conduction as thermal waves through the object,
then the thermal response is recorded at the same time using an IR camera. Then these
recorded get some post-process and analyses generating a phase image (phasegram) and
amplitude image (ampligram). The most interesting thing that the phase and amplitude of
thermal wave will be changed after being in face with any internal flaws or any non-
homogeneity can be detectable based on the phase shift (delay) and the change in
amplitude of the reflected thermal wave, where the incoming thermal wave and the

reflected thermal wave have the same frequency [38,39].
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Lock-in is an advanced infrared thermography technique has been used to provide
better detection capability than the other conventional active IRT such as PT, based on
the phase image which is very informative. The LT, especially phase image, is an
insensitive to these external factors that the PT is affected by; such as non-uniform
heating, environmental reflections, emissivity variations and non-planar surfaces.
Moreover; LT is a technique that does not require high power thermal waves. However,
the disadvantage of lock-in thermography compared to pulse thermography is that LT
needs a longer observing time, i.e. it is a slow technique, because a permanent regime
that has to be reached, and due to for getting much more information about different
depths, one has to make number of observations using different LT frequencies in
sequence which makes LT is slow thermography technique in comparison with PT [33].

In general, the previous two techniques PT and LT represents a classical NDI
thermography IRT techniques that has been very successful in detecting in-plane defects
such as coating adhesion failures, delamination or impact damage in carbon fiber
composites and cracks parallel to its surface. However; there are specific defects such as
near surface cracks in metals representing a challenge for detecting by PT and LT, such
as fatigue cracks, especially the perpendicular micrometer cracks that grow
predominantly perpendicular to the surface. Where PT and LT methods are not suitable to
be used to detect these types of cracks due to these classical techniques do not block the
heat flow that applied to the surface. Therefore; to overcome this challenge, advanced
active stimulation thermography technique was developed presenting a new technique
which is known as Laser Thermography [40-42], or Pulsed Laser Spot Thermography

(LST), see section 5. Laser Spot Thermography (LST), is a novel technique which allows
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detecting surface breaking micrometer cracks in metals by using a powerful laser beam. It
IS an active thermography technique that is based on producing a high power focused
pulsed laser spot to provide a highly localized heating spot from which allows providing
a heat diffuses radially, hence these heat flow can be changed once be in face with these
types of cracks. LST technique is based on generating a thermal hot spot on the
specimen’s surface being examined, where applying hot spot into crack’s proximity
allows generating heat flow propagates radially, i.e. perpendicularly onto crack block.
Then presence any crack perpendicular to its surface (specimen’s surface) will delay the
lateral heat flow and change the heat flow rate causing a thermal perturbation and
providing a thermal contrast that can be observed by an IR camera, hence it will detect
the crack; i.e. the thermal image obtained by IR camera will reveal the perturbation
caused by the crack and this can be used to detect its presence [40-42]. As other
techniques, LST technique has a limitation too which is represented by the thermal spot
has to be applied into crack’s proximity, due to it is not easy to get the suitable location
on the specimen’s surface being inspected to apply the thermal spot on. In doing so, so it
IS required to repeat doing this technique many times and generating hot spots at different
location to cover most of the specimen’s surface being examined till reaching the crack or
its vicinity which will require long time till detect the cracks.

The present thesis introduces a new technique that can overcome the challenge in
LST technique. This thesis highlights an alternative approach which can be implemented
in a very short time as compared to LST. This alternative approach can be called as a
Laser Digital Micromirror Device Thermography (LDMDT), or Digital Micromirror

Device Infrared Thermography (LDMT), section 6. LDMT is a technique based on using
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a digital mirror device (DMD) technology which can provide multi-hot spots in same
time and saving the inspecting observation time in comparison with LST. LDMT stands
as an active infrared thermography approach which is based on using a powerful laser
beam and a DMD device which very suitable inspection technique to be used for
detecting subsurface cracks, especially the micrometer cracks which are perpendicular to
its surface, of a large surface. Where LST technique provides one heat spot that excites
the specimen’s surface to disturb its material, but this single hot spot without being close
to the defect or at its proximity, then the observed thermal image will not reveal the
defect. Therefore to detect the defect it is required to keep stimulating the specimen’s
surface at another place providing another hot spot and keep repeating this process until
reaching the defect location or its proximity then revealing the defect. Reaching this point
it may take a long time by using LST technique especially for a component of large
surface; therefore it is required providing multi heat spot on the test specimen’s surface to
save the observation time. In this case, it needs to have many laser sources to create those
hot spot, but this is expensive even though it allows detecting the defects in short time.
This thesis presents the solution key to overcome this challenge without needing to use
many laser sources by using a digital Micromirror device (DMD) which has ability to
provide many spot upon the test specimen’s surface at the same time and by using only

one laser source, as will see that in section 6.

1.2 OUTLINE OF THE THESIS

The Thesis is organized as follows:

e Section 1: Introduction and overview and research objectives
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e Section 2: Literature review, summarizes, infrared thermography (IRT)
fundamentals, the non-destructive inspection (NDI) and its existing techniques,
recent developments in infrared thermography, infrared thermography as a NDI
technique, excitation sources, and thermal imaging infrared camera

e Section 3: Pulsed Thermography PT, operation principles, basic concept and
theory, pulsed thermal waves, experimental setup and data acquisition for PT,
geometry and meshing, thermal propagation evolution, and simulation and
experiment’s results of PT

e Section 4: Lock-in Thermography LT, operation principles, basic concept and
theory, lock-in sinusoidal thermal waves, experimental setup and data acquisition
for LT, processing with the Fourier transform, routines in lock-in thermography,
geometry and meshing, simulation and experiment’s results of LT

e Section 5: Laser Spot Thermography LST, operation principles, basic concept
and theory, experimental setup for LST, geometry and meshing, simulation and
experiment’s results of LST, analytical and numerical modeling (ANSY'S)

e Section 6: Laser Digital Micromirror Device LDMT, basic concept and theory in
comparison with for LST, digital mirror device (DMD), and LST and LDMT
simulations

e Section 7: Conclusion

1.3 THESIS OBJECTIVE

Based on the finite element modeling FEM ANSYS, this thesis presents several

numerical modeling of IRT techniques; such as Pulsed Thermography (PT) and Lock-in
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Thermography (LT) that can be used to detect the in-plane defects which are parallel to
its surface; besides a Laser Spot Thermography (LST) technique that can be used to
detect the cracks which are perpendicular to its surface. Furthermore; this work describes
how the LST technique can be extended using a digital micromirror device (DMD)
producing a new thermography technique which represents such a quick technique in
comparison with LST one. This new technique; which is may be called Laser Digital
Micromirror Thermography (LDMT), is based on using a digital micromirror device
(DMD) has ability to generate multi-hot spots onto the specimen’s surface being

examined by using single laser source.

1.4 THESIS PLAN

This thesis presents an overview of thermography techniques, including the
background and history, physical principles, theories, concepts, and limitations which
belong to infrared thermography. Furthermore, it presents an investigation by presenting
several simulations which are successfully accomplished using the numerical modeling
through the commercial finite element program ANSYS Workbench 14.0, to show a
reasonably good agreement in comparison to its corresponding laboratory experimental
tests to validate these simulations. Finally, this study presents a new active thermography
technique, LDMT, which is derived from laser spot technique (LST) and show how it is
faster than LST through presenting several simulations. The experimental tests and
literature studies have cited as references in the section of the references at last pages of
this thesis. Similarities and differences between experimental and simulated data are

analyzed and discussed, then successfully proved.
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2. LITERATURE REVIEW

This section presents briefly literature reviews about several concepts, basic
fundamentals, background, and motivation for this thesis which are related to the infrared
thermography (IRT) technology and non-destructive inspection (NDI) tests; such as
infrared radiation basics, electromagnetic spectrum bands, heat transfer, infrared
thermography principles, non-destructive method, thermal excitation sources,

temperature measurement, and infrared thermal camera technologies.

2.1 BACKGROUND AND HISTORY

Early of 18" century in Bath of United Kingdom, a German-born a British
Astronomer William Herschel (1738-1822) regenerated Newton’s experience of
separating white light into colors by passing sunlight through a prism. Mr. Herschel was
able to measure the temperature of each of these colors by using three thermometers and
holding them with blackened lambs in order to ameliorate the heat absorption. Then he
discovered that the temperature was gradually growing up from the violet end to the red
one of the visible spectrum. When he moved the thermometer and placed it just beyond
the red end; surprisingly he observed that temperature was growing up further [36,43,44].
This invisible source of heat which represents a portion of the electromagnetic spectrum
corresponds to the Infrared Radiation IR (below red).

Simply, infrared radiation (IR) is invisible light that the human being’s eyes
cannot see it since its wavelengths longer than those of visible light, but can perceive it as

a heat. Basically, it is a thermal radiant energy that emitted naturally by any object whose
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temperature is equal to or above absolute zero (T > 0 K) according to the black body
radiation law [36,43]. Therefore; the IR emitted radiation is a function of the object’s
temperature; the higher the temperature, the greater the intensity of the infrared energy
emitted, i.e. the emitted infrared radiation of an object represents a good indicator of its

temperature and it can be used to measure its temperature [36,43,44].

2.2 NONDESTRUCTIVE INSPECTION (NDI)

Non-Destructive Inspection (NDI) is the method of inspecting, evaluating, or
examining a test specimen with technology that does not affect/damage the test
specimen’s future utility and without causing damage; i.e. without affecting the
subsequent serviceability of the part [20]. Non-Destructive Inspection (NDI) can also be
referred as Non-Destructive Testing (NDT), Non-Destructive Evaluation or Examination
(NDE), or Non-Destructive Testing and Evaluation NDT&E [45].

Nondestructive inspection (NDI) is defined by the American Society for
Nondestructive Testing (ASNT) as; the determination of the physical condition of an
object without affecting that object’s ability to fulfill its intended function [46]. So it is a
powerful tool used to increase the service life of critical structures [46].

NDI represents a method of testing and examining the components without
changing or destroying their usefulness in a safe and reliable mode that can guarantee to
keep using it without any damage or harm which can be applied to each stage of a
component's construction. Therefore; NDI techniques can be used to monitor the
component or structure’s integrity throughout its design life or its service life. Various

NDI methods are applied for preventive maintenance, for the inspection of raw materials,
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half-finished and finished products, or for in-service-inspection; such as in motor
vehicles, trains, aircraft, shuttle, buildings, pipelines, bridges, power stations, refineries;
and oil platforms which are all inspected using NDI technology [45-48].

NDI is a method that can be classified as an examination and evaluation technique
for determining the existence of internal irregularities in materials without effecting on its
physical integrity and subsequent service [46,47].

There are many benefits of using nondestructive testing such as [48,49,50]:

1. Many NDI methods are a mobile techniques, where the components can
be evaluated and inspected while it is in service; i.e. it can do it locally
without needing to remove it and take it to the inspection laboratory

2. Applying NDI does not change or harm the inspected object usefulness,
i.e. it is such a safe and reliable technique

3. NDI technology is a technique can be used for detection, location and
sizing of surface and subsurface defects (in welds, castings, forging,
composite materials, concrete and many more)

4. Nondestructive testing is an economy technology, where NDI was found
to save approximately 80 % the cost of destructive testing, not including
the initial investment

Basically, NDI technology has a wide group of analysis techniques that used in
science and industry to evaluate the properties of a material, component, or system
without causing damage. There are many different techniques of NDI tests, and each one
has specific fields to be used in. The National Materials Advisory Board (NMAB) Ad

Hoc Committee on Nondestructive Evaluation and The American Society for
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Nondestructive Testing (ASNT) has adopted a classification system of several major
categories [26,46]:
1. Thermal and Infrared (Infrared Thermography) Testing (IRT)
2. Mechanical- Optical Testing (Visual Testing) (VT)
3. Radiography Testing- (Penetrating radiation ) (RT)
4. Sonic-Ultrasonic Testing (UT)
5. Electromagnetic-electronic Testing (Eddy Current Testing, Magnetic
Particle Testing); (ET)
6. Magnetic Particle Testing (MT)
7. Chemical-analytical Testing (Liquid Penetrant Testing) (PT)
8. Acoustic Emission Testing (AE)
Abundant information on the several techniques contained in previous categories
is available in [16,45,51].
Basically, NDI’s techniques can be used and selected based on four main criteria
[52]:
¢ the thickness and nature of the object being inspected
e Defect type
e Defect location

e Defect size

Among all of those variant NDI techniques, the most attractive and powerful tool
for non-contact inspections is the Infrared Thermography (IRT) technique, which is based
on observing a thermal contrast between the specimen and the object of interest

(subsurface defects). However, in case of a thermal equilibrium between the specimen
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and the defect, an external excitation energy source may serve to create a thermal
difference; which is well known as the active approach in IRT [53]. This thesis focuses
on one of the previous techniques which is represented by the infrared thermography

(IRT) nondestructive inspection (NDI) method or IRT-NDI.

2.3 INFRARED THERMOGRAPHY (IRT)

2.3.1 Basics and Principles of Infrared Radiation (IR). The story of infrared
imaging was started during World War 1l [18]. Subsequently, this technique has extended
to other fields such as medicine, maintenance agriculture, and environment [21].
Specifically; the story of using the infrared thermography as an effective tool in non-
destructive inspection NDI tests has begun on the beginnings of 1960s in different fields

and various applications [54].

Infrared thermography (IRT) has a long history, although it has used increasingly
with the commercial and industrial applications of the past fifty years. IRT is a proactive
troubleshooting and predictive maintenance tool [55]. In fact, it is not a single tool but it
is a system or set of some components, which is totally based on using an infrared
thermal camera that has ability to make the invisible infrared radiations to be visible.
Therefore, thermography has ability to reveal the variations in temperature based on its
emitted infrared radiations.

IRT is a science of acquisition, analysis and processing of thermal information
from non-contact thermal imaging measurement devices [56]. Terminology,

thermography or thermograph is a term consists of two words; the prefix “therm” which
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is a Greek word means heat, and the suffix “graph” which means writing or
representation, in other words, infrared thermography is a graphical representation of
emitted infrared heat. It is a method that shows a thermal image to detect, display and
record thermal patterns and temperatures across the inspected object’s surface [57].

Basically, Infrared Thermography IRT works in the thermal section of the
infrared spectrum based on the principle that any contrast or inhomogeneity in materials
or any sub-surface or up-surface fault or defect creates a different thermal map. By the
measuring this emitted radiation via IR camera, it can detect and characterize the
subsurface or un-surface defects by analyzing any contrast or difference in the surface
thermal map [58]. Due to the intensity of the emitted infrared radiation by bodies
represents a good function or indicator of their temperature, Eq. (2). Therefore; this
feature is used for many purposes in many applications of infrared thermography IRT
which covering a wide range of application; such as mechanical, electrical, medical,
maintenance, building and military etc. Recent years, it has seen a noteworthy
development in infrared sensing and imaging devices for a wide uses, particularly for
military, battlefield, airborne and the thermal non-destructive testing and evaluation
techniques [20,59].

There are several infrared measuring devices which has the ability to detect the
emitted infrared radiation by an object and transform it into an electronic signal [60]. A
pyrometer represents one of the most basic infrared devices which can provide a single
output by using a single sensor (IR sensor). Most advanced devices include an array of
sensors which is known as infrared camera (IR camera) has ability to provide a detailed

infrared image of the scene. Indeed, the difference between an invisible infrared image
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and a visible image is that the visible image represents the reflected light on the scene;
while in case of the invisible infrared image, the scene represents the source and can be
observed by an infrared thermal camera without light. These IR cameras are able to
convert those invisible acquired images into visible images by assigning a color to each
infrared energy level; thus producing a false-color image which is called a thermogram or
thermographic image. Thermographic image are corresponding to the mapping images of
the thermal IR energy emitted from the stimulated specimen’s surface; i.e. thermographic
images are actually visual displays of the amount of infrared energy emitted by an object

[60-62].

2.3.2 Black Body Radiation Concept. In 1860, Gustav Robert Kirchhoff (1824-
1887) defined a blackbody as a surface that neither reflects nor transmits incident
radiation. Instead, a blackbody absorbs all incident radiation irrespective of direction and
wavelength. In addition to be a perfect absorber, a blackbody is also a perfect radiator.
Therefore, all radiation leaving a blackbody is emitted by the surface and no surface can
emit more energy than a blackbody. In addition, a black surface is a diffuse emitter, i.e.
the emitted radiation is a function of the wavelength and temperature but independent of
the direction [36,63].

In physics, a black body is a theoretical object which emits infrared radiation (IR)
at its contact temperature. If a thermocouple on a black body radiator reads 50 °C, then
the radiation of the black body will give up and will also be 50 °C. Therefore a real black
body will have an emissivity of 1. The difference in behavior of a real body with respect

to the black body is indicated by the parameter spectral emissivity [59].
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In 1900, Max Planck found an expression describing the spectral distribution of

the radiation intensity from a blackbody, known today as Planck’s Law [36,64]:

C A0

Eyp(A,T) =
(AT exp(C,/AT — 1)

(1)

Where A [m] is the wavelength, T [K] is the temperature, C;=3.742 * 10° W um*/m? is the
first radiation constant, and C,=1.4389 * 10* um.K is the second radiation constant.

Planck’s law Eqg. (1) represents a valuable tool to determine spectral distribution
for a blackbody, which corresponds to the theoretical maximum possible emission from
any real body [36].

In 17" century, physicists Stefan and Boltzmann established first experimentally
expression and then theoretically; the resulting expression known as Stefan-Boltzmann
Law Eg. (2). In 1879, Josef Stefan (1835-1893) experimentally established a simple
relation relating radiant emission from an object’s surface to its temperature. Stefan’s
results were theoretically confirmed in 1884 by one of his former students, Ludwig
Boltzmann (1844-1906) [36]. This law states that the total radiant emission energy (E),
integrated over all frequencies (wavelengths), is proportional to the fourth power of the
absolute temperature (T) and this is called the law of black body emission which is

shown in this relation [30,64]:
E = kB - T4 (2)
Where Kg = 567x10°® W/m? K*: is the Boltzmann constant.

Planck’s law Eqg. (1) gives the intensity radiated by a blackbody as a function of

frequency (wavelength), whilst Stefan-Boltzmann’s law Eq. (2) gives the total flux
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integrated over all frequencies [36]. As a nondestructive inspection tests (NDI), the

thermography techniques are based on the fact that the energy emitted by an object (real

object or blackbody) represents a function of its surface temperature. However, the

energy observed by an IR detector, depends as well on the thermophysical properties of

the real object surface; such as thermal emissivity ‘e’, thermal absorptivity ‘o’, thermal

reflectivity ‘p’, and thermal transmissivity ‘t” which are explained in next section [36].

See Figure 2.1.
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Figure 2.1 Energy balance in a semitransparent medium [36]

2.3.3 Electromagnetic Spectrum Bands. Infrared Thermography (IRT) stands as

a one of the more promissory techniques for the inspection of materials and structures
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which is based on the fact of black body principle, that all the bodies with a temperature
equal to or above absolute zero (i.e., T > 0 K), emit infrared radiation. Since IR radiation
is invisible radiation; therefore IR measuring devices; i.e. IR camera are required to be
able to acquire and observe this invisible radiation (information) and make it visible [69].

The types of electromagnetic radiation can be classified according to their
wavelength in vacuum. Infrared Radiation represents a particular portion of the this
electromagnetic spectrum with specific range among these wavelengths, whilst heat
represents the whole range of radiant energy, see Figure 2.2 [56,58]. Basically,
electromagnetic spectrum consists of different radiations such as; cosmic rays, gamma
rays, x-rays, ultra violet, a thin region of visible light, infrared, terahertz waves,
microwaves, radar rays, radio waves, and broadcast bands [56]. The Infrared Radiation
IR band range corresponds to the band of the electromagnetic spectrum between 0.74 pm
to 1000 um, which is from the end of visible light to microwaves. Therefore, using an IR
radiometer is a useful tool to measure the thermal variations; radiometer is a device
which using for measuring the radiant flux (power) of electromagnetic radiation [70]. A
thermal infrared camera, section 2.8, has ability to detect radiation in range of the mid
wave infrared radiation band (MWIR) (3 to 5 um), or long wave infrared radiation band
(LWIR) (7 to 14 um), which correspond to two of the high transmittance atmospheric
zones as shown in Figure 2.2 [16, 26].

Most portion of the infrared range of the electromagnetic spectrum is not a
beneficial in IRT technique, because it is blocked by the atmosphere. However; the rest
portions represent the useful part of the infrared radiation. In general, there are four IR

spectral bands of interest for infrared vision applications [16,26,56]:
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1. Near Infrared Radiation band (NIR, from ~0.75 to 1 um)
2. Short Wave Infrared Radiation band (SWIR, from ~1 to 2.5 um)
3. Mid Wavelength Infrared Radiation band (MWIR, from ~3 to 5 pm)

4. Long Wavelength Infrared Radiation band (LWIR, from ~7 to 14 pm)

Two of these various bands, which are MWIR and LWIR, represent the most
common bands that used in infrared thermography technique, due to two reasons which
are represented by the band of peak emissions and atmospheric transmittance [6,20]. The
first reason is due to the link between wavelength and temperature. Where for a particular
temperature, the most effective measurement is supposed to be carried out for the
wavelength at which most intensity is emitted. The second reason is related to the
atmospheric transmittance, where IR transfers through air as photons, being absorbed by
different air particles, particularly by CO2 and H20 [20,69]. As it is mentioning before
that the absorptivity («) of air for infrared radiation IR depends on the wavelength and is
not affected by object’s surface temperature. Since there are many wavelengths, it is
required to use a high sensitive camera to accomplish identical performance. Due to this
absorption is low, for MWIR and LWIR bands; it is allowing more radiation to reach the
sensor of the camera as a result. Thus, for most applications, wavelengths longer than

SWIR are required [20,61,62].
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Figure 2.2 Infrared bands in the electromagnetic spectrum [56,71]

www.manaraa.com



25

2.4 INFRARED THERMOGRAPHY APPROACHES

There exist several types of thermography approaches which can be classified
based of the methodology for testing the materials, the origin of the source of thermal
energy and the measured temperature differences arising from it. In general; the infrared

thermography IRT techniques can be classified into two main types as seen in Figure 2.3:

1. Passive, steady state or static thermography; this technique operates in two
wavelength ranges, 3-5 um (SWIR) and 8-12 um (LWIR).Where IR radiation
energy depends on the chosen wavelength range. Passive thermography is
essentially based on analysis where no external excitation is used to excite
thermal gradients on the test specimen’s surface [72]. In this approach, the
features of interest are naturally at a higher or lower temperature than the
background. Passive thermography has many applications such as surveillance

of people on a scene and medical diagnosis; specifically thermology) [26].

2. Active or dynamic thermography; this technique is based on the detection
and recording by an infrared camera of thermal IR radiations emitted by
object surface. External energy source is required to be used in this
approach in order to produce a thermal contrast between the examined
specimen and the feature of interest (subsurface defects); where it is
required to heat or cool the object being inspected in order to create the
required thermal contrast [72]. The active approach is necessary in many
cases given that the parts being examined are usually in equilibrium with

the surroundings [26].
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During a few years ago, both of active and passive infrared thermography (IRT)

approaches have become an effective and a robust technology in a wide uses of variant

fields and different applications, including architecture, aerospace, industry, NDI tests,

science, and in different laboratory researches [20].

In one hand, the passive IRT is the most common approach of these two

approaches, which is used to examine and evaluate materials whose at different

temperature than ambient (often higher); i.e. the defective areas are naturally observed at

a different temperature than the ambient temperature (surroundings), where the emitted

thermal radiation from inspected specimen’s surface can be observed by using infrared
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camera, and obtains information about the temperatures distribution of the inspected
specimen’s surface in thermal equilibrium state [5,20,74]. The passive infrared
thermography has a wide range of applications in different fields such as civil
engineering (for evaluation test of thermal insulation of buildings), predictive
maintenance such as; inspection test of pumps, electric insulators, bearings and motors),
agricultural fields, medicine fields (diagnosis of diseases), and in a different experimental
and laboratory researches [5,20,74]. The passive approach is a very successful technique
in aerospace fields; such as in the inspection of aircraft structures to detect water inside

panels, where the water itself represents a trouble especially it can transform to ice [62].

For instance, in bio-medical imaging fields, in case of passive infrared
thermography mode, imaging may not produce enough temperature change for
observation of subsurface skin lesion; such as skin cancer. However, to overcome this
limitation, advanced stimulation techniques were developed, which is known as active
thermography technique or dynamic thermography technique, in which controlled energy
is being supplied to the skin. This controlled stimulus not only helps in the detection of
deeper subsurface details but also helps in gaining the quantitative information of hidden
features. Therefore; infrared thermography is a useful tool that has been widely used for
the detection and diagnosis of many problems in various fields and different applications;
such as aerospace fields, civil engineering, and bio-medical imaging as well

[16,22,26,29].

On the other hand, the active approach is much more popular which represents
one of the most common approaches used for nondestructive testing inspections, and it

presents a remote (non-contact) detection of defects placing at a short depth under the
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surface (subsurface defects). Active thermography approach is based on using an external
excitation source; such as optical flash lamps, halogen lamps, cold, or hot air guns, in
order to disturb the material and produce thermal contrasts which can be detected by an
infrared camera [23]. Where, the different active methods vary in the way that the
thermal energy is sent to the inspected specimen’s surface. In other words, an external
excitation energy source is required to be used in order to excite the inspected sample’s
surface (non-stationary approach) [16]. The purpose of using an external excitation is to
disturb the materials and create a thermal contrast on the inspected object’s surface and
forces it to be in thermal non-equilibrium state [5]. The thermal contrast on the surface
which is resulted from differences in radiation emission due to the presence of a defect, it
can be captured and observed by an IR camera. The thermal images provided by infrared
thermal camera can lead to information about defects and non-homogeneity inside the
inspected specimen and the thermal physical properties of inspected object and defects as
well. Basically, it is common to use the active IRT techniques as an effective evaluation
tool in a wide range and a variety fields of nondestructive inspection (NDI) tests to detect
and reveal the subsurface faults; such as pores, bubbles, cracks, or any abnormality inside
the inspected object without changing the integrity and properties of the inspected

specimen or without causing any damage [16,26,74].

It is worth to mention that the passive IRT gives a qualitative estimate, i.e. it is
used in quality control and process monitoring applications, but not a quantitative
estimate of the damage present. On the contrary, active IRT can give a qualitative and

guantitative estimate of the damage or fault present; such as the defect type, depth, shape,
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or size [5]. Many different stimulation methods can be applied; most of them can be

classified as optical, mechanical or inductive [62].

2.5 EXCITATION SOURCES

As it has mentioned using infrared thermography as an active IRT technique
needs an extra heat (thermal excitation) supply to excite an object and disturb it to
provide a controlled change in its temperature with respect to surrounding its
surroundings [20]. Thermal contrast can be achieved either by heating or cooling of the
examined specimen’s surface. However typically thermal excitation by heating is
preferred to be used due to it leads to get better parameters; such as the density of the heat
flux, noises and process ability. The purpose of using a heat or cool pulse is in order to
disturb the material and produce thermal contrasts which can be detected by an infrared
camera as an infrared image which represents the temperatures distribution on the
inspected specimen’s surface, and indicates material subsurface defects in different

depths [16,23,34].

There are different active excitation methods in use that vary in the way of energy
is sent to the specimen’s surface being inspected; where the most common method is the
optical techniques [75,76]. The most common IRT optical sources are photographic
flashes lamps, as it is shown in Fig. 2.4a, for an optical pulsed heating which are used
with Pulsed thermography (PT) technique; and halogen lamps, as it is shown in Fig. 2.4b,
for periodic heating that provide a thermal waves which it is the most common affordable

stimulation heating source that is used with Lock-in thermography (LT) technique [74].
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Both of the flash and halogen lamps can be used to excite any object with a large or small
areas by controlling the number of lamps and their distance relative to the inspected
specimen’s surface, analyzing the warming-up and the cooling-down stages, and creating

a high repeatability rate [20].

There exists many energy sources can be used to stimulate an object producing a
thermal difference between the defective zones and reference (non-defective) zones;

which can be divided into two main types as follow:

1. Internal excitation, it is achieved by applying the energy into the object’s
surface being inspected in order to excite exclusively the flaws. The
internal excitation can be implemented by mechanical oscillations, with a

sonic or ultrasonic transducer for both burst and lock-in stimulation [34].

2. External excitation, it is achieved by applying the energy (illumination) to
the specimen’s surface being examined. Where this delivered energy will
transform to thermal energy and warm the specimen’s surface up then the
thermal energy will propagate through the specimen until it will be facing
the defect and creating a thermal contrast that can be captured by an

infrared camera [34].

Basically there are three main classical active thermography techniques, Pulsed

Thermography (PT), Lock-in Thermography (LT), and Vibro-Thermography (VT) [16,

26]. Where, both of the PT and LT techniques stand as optical techniques, whilst the VT

www.manaraa.com



31

technique uses ultrasonic waves (amplitude modulated or passive pulses) to stimulate the

internal characteristics then creating a thermal contrast [34].

oloong
WftcuseT £ ss0

a. Flash lamp [77] b. Halogen lamp [78]

Figure 2.4 Common optical stimulation sources in NDT

In general, these optical stimulation techniques have ability to achieve very useful
results. However, there are some challenge to use them with specific defects, such as
cracks in metallic parts; such as CFRP (carbon-fiber-reinforced polymer) composite
materials plate, and the micrometer crack that are perpendicular to the object’s surface, in
which using the classical optical stimulation techniques (PT or LT) are unable to produce
enough thermal contrast, thus cannot be detected in most cases. To overcome this
challenge, more advanced stimulation techniques were developed, such as Laser Spot

Thermography (LST), Laser Line Thermography (LLT), and Laser Flying Thermography
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[79,80]. Furthermore, the proposal new technique this thesis aims to present, which is
called as Laser Digital Micromirror Device Infrared Thermography (LDMT).

Recently, infrared thermography (IRT), specifically the active mode, has proven
a useful evaluation tool for thin flat structural components, and is getting a reasonable
agreement as a one of the most effective tool as a nondestructive inspection (NDI)
technique. IRT is becoming increasingly attractive for the detection of hidden or sub-
surface defects especially in a variety of composite structures. Due to the recent
enhancements that have happened in the quality of thermal data acquisition system, and
the interest in broad area scanning procedures for a truly noncontact NDI system that can

manage inspections of complex structures in real time inspection [81].

2.6 THERMOGRAPHY NONDESTRUCTIVE INSPECTION

Infrared Thermography (IRT) is one of the most attractive nondestructive
inspection NDI methods because it is a non-contact technique, safe, clean, painless, and
such a fast inspection method that allows the remote measurement of the surface
temperature of a specimen [59,82]. IRT is becoming a widely adopted technique to detect
the presence of variety of internal flaws or defects; i.e. discontinuity or non-homogeneity,

inside materials [26,34].

Infrared thermography IRT has been used in a wide range of NDI’s applications
and fields; such as medical applications, maintenance, and building inspections. For
instance; structures in civil engineering filed such as bridges and buildings inspections,
for example to detect cracks in concrete [83] and defects in concrete structures

strengthened with FRP (Fiber-reinforced plastic) composites [84]. It has also been used in
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different fields in the aerospace industry for detecting different types of defects; such as
voids, disbands and barely visible impact damage (BVID) in composite airframes [85].
The thermal signals, that used for examining defects by thermography, are diffusive in
nature therefore there is drop in detectability of subsurface defects which is nonlinear
with depth. For this reason thermography is best convenient for NDI of thin structures

such as those found widely in the aerospace industry [86].

IRT has many advantages over other technologies [62]. In general, the main

advantages of IRT are the following:

1. IRT is a noncontact technique where the used devices are not in touch
with the heat source, i.e., they are non-contact thermometers. Therefore,
the dangerous products, such as acids and the objects that have a high
temperature, can be measured safely and keeping the user out of any
danger.

2. IRT creates two-dimensional thermal maps (thermogram), which can
reveal the temperature contrast of object, i.e. detect defects.

3. IRT is a direct test in real time and can reduce the maintenance and repair
costs

4. IRT is a harmless technology. It has none of the harmful radiation effects
of technologies, such as X-ray imaging.

In general, there are two possible observation approaches in which the inspected
specimen is heated up from one side while the infrared thermal camera is being either
from the same side, i.e. reflection mode; or from the opposite side, i.e. transmission mode

[36], as it is shown in Figure 2.5.
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In reflection mode; both of the thermal source and infrared thermal camera are
located on the same side of the inspected specimen’s surface; as it is shown in Figure 2.5.
While, in transmission, the heating source is located on the side of the inspected
specimen’s surface (front), and the infrared thermal camera is located on corresponding
side of the inspected specimen’s surface (rear) [87]. In general, it is a suitable to use the
reflection mode for detecting the defects that located close to the stimulated surface; i.e.
shallower defects, whilst using transmission mode is preferred for detecting the defects
closer to the non-stimulated surface; i.e. for deep defects, due to the spread/diffusion
effect of the energy propagating through the specimen by conduction. Therefore, if the
non-heated surface is not accessible, hence using the transmission mode is not applicable,
i.e. depth quantification is not possible in transmission mode [87]. In general, resolution
is higher in reflection and it is easier to deploy given that both sides of the specimen do

not need to be available [36,80,88].

Processing IR Camera Specimen
P s |

L]

® o
| o[ T

Transmission

_

Reflection

Figure 2.5 Experimental configurations in active thermography in reflection and
transmission mode: 1-Heat source, 2-specimen, 3-IR camera, and 4-PC for data display,
recording and processing [36]
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2.7 IR DETECTORS AND SENSORS

In general an infrared detector is an electronic device or sensor that has ability to
transform a radiant energy in form of the infrared into a measurable form; i.e. it
represents a transducer of radiant energy [36,89]. In other words, an infrared detector is a
sensor has ability to respond to IR radiation. The thermal sensors have ability to react to
incident IR radiation by increasing its temperature up, and they display high sensitivity at
room temperature. Basically, there are two main types of IR detectors which are; thermal

detectors and photonic detectors [90].

In one hand a thermal detector is being at equilibrium state whenever there is no
thermal conduction due to the detector, in this case, emits radiation energy at the same
rate as it absorbs it. On the other hand, when the incident radiation raises it above the
equilibrium state then the thermal detector absorbs more energy than it emits; hence
increasing the detector’s temperature up. Theoretically; a thermal sensor does not react or
respond to the wavelengths [15,36]. There are several types of thermal detectors such as
liquid crystals, pneumatic detectors, thermocouples, bolometers and pyro-electric
detectors. A detailed description of these and other detectors can be found in references

[89,90].

On the other hand, a photonic detector; or quantum detector, is another type of IR
detectors which made from semiconductor materials. Basically, it operates on the
principle that incident radiation stimulates electrons from the valence to the conduction
atomic bands [36,90]. Although the photonic detectors are capable to satisfy a high

sensitivity and a short response time in comparison with the thermal detectors, but
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typically quantum detector needs to be cooled (cryogenic cooling) in order to reduce the

thermal noise level and satisfy a superior relative sensitivity [36].

Eventually, thermal sensors offer a modest performance with slower response
time speed than photonic sensors, but they are cheaper and do not require a cryogenic
cooling as their photonic counterparts [36,75]. Figure 2.6 shows a thermal leak detector

which is available on amazon.com for 28.03$.

Figure 2.6 Black & Decker TLD100 Thermal Leak Detector [91]

2.8 THERMAL IMAGING INFRARED CAMERA

Thermal imaging infrared camera is also known as thermographic camera,
infrared camera, thermal camera, thermo camera, IR camera, or FLIR (Forward Looking

Infra-Red). It is a remote non- contact measurement device that has ability to observe,
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reveal the infrared radiations energy that emitted from objects from distance, and
transform it into an electronic signal then by doing some post-process which lead to
produce a visible thermal image similar to these visible images that are formed by a

regular camera [30].

Infrared IR camera is a technology that has capability to observe and reveal
objects and people in total absence of light and in various weather conditions as well, and
to form visible colored images, in which each color corresponds to a specified
temperature scale, these images called thermograms which represents the temperature
distribution on specimen’s surface that can display as a visible information [92]. Since
temperature can be measured in real time, modern cameras have ability to provide real-
time thermal images accurate to hundredths of a degree which allow the smallest details

to be seen [59,82].

In the late 1950s and 1960s, single element detectors were developed by Texas
Instruments, Hughes Aircraft, and Honeywell that scanned scenes and produced line
images. The military had a lock on the technology because it was expensive and had
sensitive military applications. These basic detectors led to the development of modern
thermal imaging. The pyroelectric vidicon tube was developed by Philips and EEV in the
1970s and became the core of a new product for firefighting, first used by the Royal

Navy for shipboard firefighting [25].

The ordinary visible light cameras operate in wavelengths of (0.45 to 0.75 pm),
and do not have ability to observe and detect the infrared radiation. Whilst the thermal

cameras have ability to detect radiation in the IR range of the electromagnetic spectrum
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(~0.75 to 14 um), and form visible images of these radiations which called thermal-

images or thermograms [93].

Today’s IR cameras have been expanded to be used for many non-military
applications, such as aerospace, security, transportation, industrial applications, law
enforcement. Furthermore, in firefighters to see through smoke, find persons, and localize
the locality of hotspots of fires; besides civil applications such as building construction to
see, find, and localize the heat leaks and to improve the efficiencies of cooling or heating
air-conditioning systems, and in industrial applications such as the pipes networks system
to localize the overheating joints and parts and many other industries applications
[25,94]. These thermal cameras typically operate with a temperature sensitivity of about
15 mK for cooled and 80 mK for uncooled [95]. In recent years, IR cameras are used in a

wide variety of military fields; such as in border security, and watchtowers (night vision).

One of the most interesting features of today’s infrared camera based on focal
plane arrays (FPAS), that they have the ability to manage and process the observed data
by some methods, i.e. FPAS represents one of the most common infrared thermo-cameras
configurations [36]. Essentially, Focal Plane Arrays are composed of many columns and
rows of individual IR detectors or sensors; such as a matrix of IR thermal detectors of
dimensions of (320H x 240V, 640H x 512V, 320H x 240V, or 320H x 256V); H:
horizontal and V: vertical. Basically, FPAs are based on two kinds of detector arrays;
which are photonic cooled detectors (PCD) and uncooled micro-bolometers [167]. IR
Cameras based on uncooled micro-bolometer FPAs are becoming increasingly common
and attractive for IRT testing evaluations and other applications as well, due to their low

cost [29,87,96].
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Basically, thermographic image (thermogram) that obtained via IR camera is a
thermal image corresponded to the mapping images of the thermal IR energy that emitted
from the stimulated specimen’s surface, which can be described as a function as f(x, y).
The amplitude value of f at spatial coordinates (x,y) is a scalar positive value, which
corresponds to the amount of IR energy emitted from a region of a plane. The function f
is continuous in space and amplitude. Thus, in order to transform this function to a digital
format, it must be sampled in both space and amplitude [20]. Thermal image data can be
transferred to PC. Subsequently, the data can be calculated and utilized freely, where the
thermal image data is colored up pixel by pixel based on temperature [19]. Where the
temperature distribution image data of IR thermography consists of matrix of pixels

(number of detector: for example, 320 horizontal x 240 vertical pixels).

Cooled IR cameras are more sensitive IR cameras to any little differences in scene
temperature with comparison to uncooled IR cameras. Hence; they can detect the
smallest of temperature differences between objects. Where cooled IR camera consists of
an array of photonic sensors, while uncooled IR camera is consisted of thermal sensors.
Selection of IR camera type also varies widely, from cooled to uncooled, with large
format 640 x 480 pixels now available [95]. Uncooled cameras are designed to work in
range of LWIR band, while cooled cameras are designed to work in range of MWIR band
the spectrum where the thermal contrast is high due to blackbody principle. Based on
Planck’s law (Eg. 1) and the electromagnetic spectrum bands ranges in section (2.3.2), it
can be seen that the high temperature bodies have their peak emission at short
wavelengths, while objects emitting at ambient temperature have their maximum

emission at longer wavelength bands LWIR. Therefore, the MWIR band is useful when
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inspecting high temperature objects; while the LWIR band is preferred when working
with near room temperature objects. Also, long wavelengths LWIR are for which signals

are less affected by radiation from the Sun [29,87,97].

Therefore; choice an infrared thermal camera is not randomly task, but it is based
on an important feature of the operating wavelength band selection. There exist several
features which represent the most significant criteria for wavelength band selection; such
as operating distance, temperature, emissivity, and indoor-outdoor operation of the bodies
of interest, i.e. for IR detection system selection. Where for operating distances that
limited to a few meters, with the absence of fog or water droplets, then the atmosphere

absorption has little effect on IRT testing [87].

Ultimately, IR camera is a portable device and very easy to handle, and it
provides a remote inspection test (non-contact). It is easily understood and self-
explanatory so it does not need to have that much of experience and practice. Just first
read the manufacturer instructions manual, then target it, observe, record, and inspect as

it is shown in Figure 2.7 [98].
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a. Using Infrared camera to inspect which pipes is the hot/cold (Top)

b. Using Infrared camera to inspect underground pipes network (Bottom)

Figure 2.7 IR Camera applications [98]
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2.9 MODELING AND SIMULATION VIA FEM ANSYS

This study made some numerical modeling simulations based on experimental
models which have already inspected in laboratory by others. This thesis introduces a
new technology which may call it as LDMT (laser digital micromirror thermography)
that has not used ever. These simulations are very important and helpful in research
because they represent a way to validate the new technique that the thesis aims to
achieve. These modeling and simulations have been done by using ANSYS 14,
Appendix A, through a regular computer machine, Windows 7 Enterprise; Intel Core
(TM) Duo CPU 3GHz. ANSYS is a finite element analysis method (FEM) software for
structural physics that can simulate static (stationary), dynamic (moving) and heat
transfer (thermal) problems. ANSYS simulation software enables organizations to
confidently predict how their products will operate in the real world. ANSYS is an
engineering simulation software (computer-aided engineering, or CAE) developer that its
primary purpose was to develop and market finite element analysis software for structural
physics that could simulate static (stationary), dynamic (moving) and thermal (heat
transfer) problems [99]. ANSYS is one of the most widely used quantitative methods

because it is so flexible and can yield so many useful results.

In this thesis, it has picked some models that already have laboratory results by
others students or researchers. Then redesigned these models by Auto-CAD, and then
exported it to mechanical workbench of ANSYS to run the simulation under the same
conditions of the laboratory conditions of these models. Thereafter, the data and
information that have obtained from ANSYS stored in a regular computer machine to

process and analyses them by some professional software such as MATLAB (matrix
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laboratory); Appendix B, and MS-Excel (Microsoft Excel). It can create a thermal image,
which represents the surface’s temperature distribution by ANSYS which its shape is
approximately almost same as this thermal image that is obtained by infrared thermal

camera.

The ANSYS program is capable of simulating problems in a wide range of
engineering fields. The study in this thesis has focused on the thermal analysis. This
analysis type addresses several different thermal problems, especially transient
conduction or thermal transient which is a time-dependent problem of the primary heat

transfer.

Basically, ANSYS transient thermal model requires the following information:

1. Model generation (Geometry)

2. Material properties, i.e. define materials/material properties

3. Mesh and Type and size of the elements, i.e. generate finite element model

4. Specify boundary and initial conditions (e.g., ambient temperature and
time step)

5. Solution and results; obtain the solution, review results, plot/list results,
and check for validity.

In geometry stage, the geometric configuration of the model, including the nodes
and elements, are defined. Geometry can be either created within the ANSY'S program or
imported from computer-aided design software (CAD). Direct generation and solid
modeling are the two methods used to create the finite element model inside the ANSY'S

program. In solid modeling, one describes the geometric shape of the model, and then
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instructs ANSY'S to mesh the geometry with nodes and elements automatically. The size

and shape of element can be controlled this way.

In general, a large number of elements provide a better approximation of the
solution. However, in some cases, an excessive number of elements may increase the
round-off error. Therefore, it is important that the mesh is adequately fine or coarse in the
appropriate regions. How fine or coarse the mesh should be in such regions is another

important question.

Once the solid model has been completed, element attributes, element type, real
constant, material properties, and coordinate system, need to be set and grid controls, the
element shape, mid-side node placement, and element size, established. Elements in
ANSYS have classifications and are assigned to 7 major subgroups of structural, thermal,
electric, magnetic, dynamic, fluids, and coupled categories. ANSYS element library
consists of almost 200 element types, among which 40 elements can perform a steady

state and transient thermal analysis.

2.10 EXPERIMENT AND SIMULATION RESULTS

As a matter of fact, there exist several factors that can make some differences
between the experiment’s results that obtained laboratory and simulation’s results that
obtained via ANSYS. These factors can be include each of non-uniform heating,
emissivity variations, surface geometry, and environmental reflections which have an

extreme impact on thermal data in case of experimental test. Hence; quantitatively the
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results obtained via the ANSY'S in comparison with those obtained experimentally do not
have to be the same values; but qualitatively it is supposed to be reasonable and behave
the same way at least to be able to validate the simulation work. Simulation results allow
optimization of the active infrared thermographic method, optimal setting of heat pulse
parameters and the thermogram observation time. In the active thermography experiment
tests special care should be taken if the stimulating of the inspected specimen’s surface is
non-uniform, the emissivity of the surface is non-uniform, or the surface of the object is
non-uniformly irradiated by the IR source. This can lead to some different between the
simulation and experimenter’s results. One of the most significant different between the
ANSYS’s results and experiment one that the entire incident energy is absorbed by the
stimulated surface to be inspected in case of ANSYS simulation; while a portion of this
incident energy it absorbed in case of experimental tests. It is worth to mention it has
neglect the all radiation and convection losses and assumed to be minimal in all
simulations that have been done in this thesis. And also the simulations have been
obtained by assuming adiabatic boundary conditions around the inspected specimens
except the front side of the inspected specimen (stimulated surface) and its rear side, i.e.,

absence of heat losses.
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3. PULSED THERMOGRAPHY TECHNIQUE (PT)

3.1 INTRODUCTION

Pulsed thermography; [16,23,26,28,29,34,36,39,53,54,60,74,80,88,93,110,106],
represents one of the most common technique among the other infrared thermography
NDI techniques, due to it can be used to perform safe inspection of large structures in a
fast manner relying on a thermal stimulation pulse, with a short duration, where this

technique allows providing a data acquisition in fast and straightforward

Pulsed thermography (PT) is an active technique in which the specimen being
inspected is rapidly heated up from one side with a short heat pulse by using a high
power source such as photographic flashes lamps (external excitation), where the light is
transformed into heat (thermal energy). Then the thermal pulses propagate by conduction
through the specimen until they reach a discontinuity that act as a thermal barrier
reflecting the thermal pulses back to the surface, then recording, monitored and
evaluating the temperature evolution (heat pulse response) by an infrared thermal camera
in transitory regime after a certain time of cooling process [3,16,26,34]. However, it is
also possible to use a cool pulse such as; ice, snow, or cold air guns [36,80,88], see

Figure 3.1.
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Figure 3.1 Equipment configurations for Pulse Thermography Flash or Transient [34]

The duration of the applied heat pulse may vary from pus, or ms to several seconds
depending on the thickness of the specimen and the thermal physical properties of both of
the specimen and defect; especially the thermal conductivity (k) [26,34,74]. Basically, the
duration may be going from a few ms for high thermal conductivity material inspection;
such as metal parts; silver, copper, or aluminum, to a few seconds for low thermal
conductivity materials; such as plastics, graphite, concrete, epoxy, or polyvinyl-chloride

components (PVC) [34,74,100].
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3.2 BASIC CONCEPT AND THEORY FOR PT

In this method the examined specimen’s surface is warmed up by one or more
high energy generated photographic flashes lamps, and the temperature evolution on the
examined specimen’s surface during its self-cooling is recorded via an IR camera then

processed and analyzed [16,26,34,36,74,80,88,101].

Pulsed thermography technique consists of a brief heating by applying a heat
pulse into the object’s surface being examined for a short duration, where the duration of
the heat pulse may vary from a few ms (~2-15 ms flash heat using xenon flashes) which
is called pulsed flash thermography, to several seconds (transient heat using halogen
lamps) which is called pulsed transient thermography, as shown in Fig. 3.2, that is
depending on the thermophysical properties of both the inspected specimen and the flaw

[95,102-104]. In both cases, the equipment setup is as indicated in Figure 3.1.

In one hand, pulsed flash thermography represents a powerful tool for thin layers
with shallow defects; such as corrosion under paint where the other active IRT techniques
(such as pulsed transient thermography or lock-in (LT)) would not be workable in this
type of situation. Basically, this technique requires a high power xenon lamp and a brief
heating (typically 6 kJ power with 2 ms pulses), and it is a suitable for objects of high
thermal conductivity materials; such as metal parts; silver, copper, or aluminum. Since
this technique takes about (~2-15 ms) then this technique provides a short measuring

times, i.e. it represents such a fast active IRT technique.
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Figure 3.2 Pulse duration, power, and temperature regimes for flash PT, and transient PT

Moreover, it is able to perform depth-resolved inspections and providing high
performance for examination of thin samples, with shallow defects. However; this
technique includes some limitations; such as this technique is workable with a limited
depth range of samples (shallow defects) with limited inspection area, besides it requires

high thermal energy stimulating specimen since it uses a brief heating [34,95].

On the other hand, pulsed transient thermography does not need a high power
stimulation, but it takes a heating duration longer (several seconds) than in case of pulsed
flash thermography, with typically (1- 4) halogen lamps (1 kW each) with a 10 sec heat
pulse and a (20~30sec) cool-down depending on the thermal physical properties of
inspected object. Therefore, it is a suitable to be used for objects of low thermal
conductivity materials; such as plastics, graphite, concrete, epoxy, or polyvinyl-chloride

components (PVC). This technique provides a better ability of investigation a large
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structure (typically 4 ft. x 6 ft.) which can be evaluated and imaged in a single shot. As
the other techniques have limitations then pulsed transient thermography is also, that it is
not suited for thick objects being examined. But, as a comparison, then for composite
defect examination pulsed flash thermography is able to detect a composite subsurface
defect for up to 3 mm depth, while pulsed transient thermography can detect a composite

subsurface defect for up to 6 mm [34,95].

In general, the phenomenon is as follows; the heat pulse transfers by radiation
from the energy source through the air (medium) until the heat pulse front comes in
contact with the specimen’s surface being inspected then the object’s temperature starting

rises up rapidly during the excitation [36].

Based on the emissivity of the inspected specimen’s surface then some of the
illumination that applied onto the inspected specimen’s surface is absorbed and
transformed into a thermal energy, which propagates by conduction under the stimulated
surface through the object starting towards the inside one [74]. After the pulse and as
time elapsed, the thermal energy will decay over time. If the heat pulses, which are
travelling through the specimen, reach any discontinuity (defect) then this fault will block
the heat diffusion and change the heat flow rate by reducing it, and reflecting the thermal
waves back to the surface (stimulated surface). The presence of a discontinuity produces
a thermal resistance (thermal barrier) to the thermal pulse front, hence reducing the heat
diffusion rate and causing a thermal contrast between the defective area and the reference
one. So by observing the temperature of the surface via IR camera then any
discontinuities such as; porosity, delaminations, disbonds, fiber breakage, or inclusions,

will appear as areas with a different temperatures (often hotter) with respect to the
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surrounding non-defective areas; i.e. these discontinuities will be detectable . In fact in
such a case the reduced diffusion rate that caused by the subsurface defect presence
translates into heat accumulation; i.e. on the observed surface being examined then the
area over the defective appears in hotter relative to the reference area. Therefore, deeper

discontinuities will be observed later and with a smaller contrast [16,26,34,36,74,100].

3.3 PULSED THERMAL WAVES

When a thermal energy is applied into the surface of a solid material, then the
object’s surface being examined will absorb some of the incident energy and propagate
by diffusion through the materials. The thermal energy propagation through a solid can
be described by Fourier’s partial differential equation which is well known as heat

equation [34,105]:
oT
pCoa+ V- (=k-VT)=Q (©)

The heat diffusion through material with isotropic materials is a complex 3D
problem that can be expressed in a simplified case by Fourier’s law of heat diffusion

which can be written as [34,105]:

1 0T
V2T = 10
a Ot 0 (10)

Where T [°C] is the temperature, a =k/p.C, [m?/s] is the thermal diffusivity of the

material being inspected at constant pressure, k [W/m.K] is the isotropic thermal
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conductivity of the material being inspected, p [kg/m?] is the mass density of the material
being inspected, ¢, [J/kg.K] is the specific heat capacity at constant pressure; and t [s] is

the time.

Thermal diffusivity (a) is a physical property that associated with transient heat
flow, which indicates and measures the ability of materials to convey or transfer thermal
energy relative to its ability to store thermal energy. Therefore, materials which have a
high thermal diffusivity respond speedily to any change in their thermal surroundings and
reach the thermal equilibrium in a so brief time and vice versa, i.e. materials which have
a low thermal diffusivity respond slowly to any change in their thermal surroundings and

require a long time to reach the thermal equilibrium [106].

The 1D solution of the Fourier equation for the propagation of a Dirac heat pulse
by conduction through a semi-infinite solid with isotropic materials has this expression

[34,106,107]:

T(Z, t) = Ti +

il
—— ex
kpc,mt P\™ %at

(11)

Where Q [J/m?] is the energy absorbed by the object’s surface, T; [°C,K] is the initial

temperature; and z [m] is the depth.

A Dirac heat pulse is an ideal instantaneous waveform defined as an intense unit-
area pulse of a very short duration that no measuring equipment has ability to distinguish
it from even shorter pulses. A Dirac heat pulse is composed of periodic waves at all
frequencies and amplitudes. Although it is not possible to reproduce such a waveform in

practice; however a heat pulse provided by a powerful source such as a photographic
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flash having approximately a square shape can be used. In this case, the signal is
composed by periodic waves at several (not all) frequencies, where the shorter the pulse,

the wider the range of frequencies [16,26, 34,106].

At the surface (z = 0 mm), the behavior is somehow different starting at a high
temperature and decreasing following approximately the square root of time. Where the
thermal evolution for shallower defects show higher peak intensities earlier; whilst for
deep defects it starts at zero and reaches peak intensity later, i.e. longer time for deeper

defects [34]. Thus Eqg. (11) can be rewritten as follows:

a9
TO,t)=T; + Ta— oot (12)
Or;
T(,t) =T; + L (13)
’ "evmt

Where e= (k/p.Cp) 12 [m] is the effusivity, which is a thermophysical property relevant to

transient surface heating processes, which is present in all materials (solids, liquids,
pastes, powders, and gases). Effusivity refers to measurements of the material ability to
exchange heat with its surroundings [106]. Despite the fact that the heat diffusion
represents a complex 3D diffusion problem, but Eq. (13) presents the only approximation
of the complex 3D diffusion problem that described by Fourier’s law Eq. (9), which has
been successfully used by many researchers to develop qualitative and quantitative

techniques.
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Also, for semi-infinite solid one-dimension heat conduction, the temperature
profile for a constant surface heat flux can be depicted in Fig. 3.3 and it can be described

in this relation [31]:

" 4 2
T(x,t)— T; = % / :Trt exp (—%) —xerfc (2\7%) (14)

Eq. (15) is applicable at any time in this range (0 < t < 1), where 1 is the heat pulse

duration. And for (t > 7), then uses this form:

2q"'\tt
T(x,t) —T;, = qk\/T_ ierfc(

) —t—1 ierfc( (15)

X X
2Vat 2V at — ar>

Where erfc is the complementary error function, ierfc is the integral complementary error

function, g" [W/m?] is heat flux; and x [m] is distance from surface.

The error functions are a standard mathematical function, just like the sinus and
trigonometric function, whose value varies between one and zero. The relation between
the complementary error function and the integral complementary error function can be
shown in this relation [108]:

exp(—x*)

y= (16)

ierfc(x) = —xerfc(x) +

The value of the integral complementary error function (erfc) can be found by

MATLAB and in reference [31] as well.
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Figure 3.3 Shows temperature profile for a constant surface heat flux, q"=7000 W/m? [31]

Moreover, such phenomenon occurs in time so that, shallower defects are
observed earlier and deeper defects are observed later and with a reduced “diluted” or
“spread” thermal contrast. It is apparent that the thermal diffusion is not stationary and
therefore exist some lower limit of observation time z, when the effect (surface
temperature contrast) arise after thermal activation of the surface. This time is
approximately equal to the time interval of the thermal pulse propagation from the
surface to subsurface defect and can be estimated from the Fourier’s Eq. (9), in which the
observation time t as a function of the square of the subsurface defect depth z (z%) [34,

36]:
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el (17)

Table 3.1 shows the estimated propagation times z for depth of the subsurface
defect z =5mm for a different materials of high and low thermal conductivity and other

thermal physical properties.

Table 3.1 Estimated times of the heat pulse propagation (z) to the subsurface defect with
a depth 5 mm [36]

Therm_al_ Specific Density Thermal Propagza:tié)rﬁ rtri]me for
Conductivity | eat Diffusivity
Materials k Cp g ; o [m?s] ")
WImK] | /kg.K] Leg/m] o =ki(p.Cp)

Aluminium 250 870 2700 1.06E-04 0.23
Gypsum 0.47 1090 1150 3.75E-07 67
Concrete 14 1050 2000 6.6E-07 38

Epoxy 0.35 970 1300 2.78E-07 90

Applying Eq. (17) shows the thermal propagation time in materials of high
thermal conductivity is shorter and much faster than in materials of low thermal
conductivity. For instance; the thermal propagation time (z) is about 0.04s (40 ms) for 2
mm of a subsurface defect in aluminum (high thermal diffusivity), and it is about 30s for
2 mm of a subsurface defect in graphite epoxy ( low thermal diffusivity). This means

Flash is better for materials of high thermal diffusivity, e.g., metals. Materials with a low
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thermal diffusivity, e.g., composites, have a long thermal propagation time, which limits

flash thermography to the detection of shallow defects [95].

However, for a polyethylene materials (the material was used in the experimental
and this simulation) that were used in this PT simulation, the depth (z) is 5 mm and the
thermal diffusivity o is 0.1E-06 m%s, i.e. a=0.1 mm?/s. Then from Eq. (17) the estimated

propagation times z equals to 5 sec.

3.4 EXPERIMENTAL SETUP AND DATA ACQUISTION FOR PT

In general, the experimental setup; as can be seen in Fig. 3.1 consists of one or
two photographic flashes are used as excitation sources to stimulate the specimen’s
surface being inspected. As time elapses, the object’s temperature will decrease and cool-
down uniformly providing a thermal contrast which can be observed and recorded via IR
camera in transitory regime. It is necessary to use a control unit (synchronization unit) to
control the time between the launch of the heat pulse and the recording via the infrared
camera, see Figure 3.1 Then the obtained data is stored as a 3D matrix, Figure 3.4a,
where x and y are the spatial coordinates represent the horizontal and vertical pixel
positions respectively, and the z-coordinate corresponds to the time evolution t. For the
non-defective areas, then the temperature T decays approximately at least at early times
as the square root of time, as it is clearly shown in Eq. (13), but for the defective area
then the cooling rate is different (red-dotted line), as it is shown in Figure 3.4b. Basically,
the thermal evolution for deep defects starts at zero and reaches peak intensity at a given

time; i.e. shallower defects show higher peak intensities earlier while deeper defects
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reach peak intensity later. Shallower defects show higher peak intensities earlier, then

2) as it is clearly shown in

slowly decreases approximately as the square root of time (t
Eq. (13) [36,34].

Experimentally, the test specimen’s surface was stimulated with halogen lamps,
whose power was 15 Watts. The experiment was made in a reflection mode. The
specimen’s surface was heated up from the side where simulated defects are invisible.
The test specimen used in the laboratory test and this simulation as well (37 x 37 mm?)
was made of a polyethylene sample with 4 flat bottom holes are shown in Figure 3.5,
which is characterized by relatively low thermal conduction k (about 0.28 J/kg.K). The

simulated defects are represented by four flat-bottom holes were arranged as illustrated in

Figure 3.5. The thickness of the plate is 5 mm.

T \ } w(ty=N-At |
\ T (1)
\\\\_l. Td(r)

: \\‘\.. .""--.. W Alr
L Td1) il e W i

defect

\\:‘-\\ T \,:\\ 2 Il |r

£t . fer Litals e N
(a) (b)

Figure 3.4 Temperature evolution: (a) Temperature data 3D matrix on time domain (X, Y,
T, t), and (b) temperature profile (t, T) for a defective (Red-dotted line) and non-defective
(continuous line) pixels [34]
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3.5 GEOMETRY AND MESHING

The model geometry was defined to correspond to the inspected specimen. All of
the dimensions used in the model were taken from the inspected specimen specifications;
such as the defect size and disposition respect the specifications as well. The geometry
was studied numerically by using FEM ANSYS tools and run it on a regular computer
and without needing a professional computer machine. This work has been done via non-
commercial ANSYS 14 through a tansient thermal as an analysis system. The test
specimen has designed by Auto-Cad based on the experimental specimen dimensions,
then imported it to the design modeler of geometry of ANSYS. For calibrating the
analysis procedure, test specimen sized (37 x 37 x 5 mm3 ) made of a polyethylene
specimen with 4 subsurface flat bottom holes are shown in Figure 3.5, the thermal
physical properties of the inspected object are shown in table 3.2. The unstructured mesh
was consisted of tetrahedral elements, with (495393 nodes) and (322874 elements)
craeted in a sufficient accuracy features; as it is shown in Figure 3.6. An adjustment of
the mesh parameters permitted a different degree of mesh refinement in regions where
larger temperature gradients were expected. The element size was not chosen uniformly,
but with high smoothing, fast transition, and fine span angle center. The defets have
represnted by 4 flat subsurface holes which asssumed they are filled up by air. The heat
pulse of 15 Watt has applied uniformly upon whlole the nondefective (zero holes) test
specimen’s surafce, i.e. up-surface. The pulse duration time was (0.1 seconds); i.e. 100

ms. Hence, the simulation is ready to run via ANSY'S on the computer.
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Unknown parameters of the experiment modelling; such as power density of the

heat source that used in experiment, ambient conditions, and pulse duration long were

adjusted during doing the numerical simulation via FEM ANSYS to obtain results as

close as possible to those obtained experimentally. Due to they are not avaialable in the

experimental paper [109].

Table 3.2 Thermal properties of materials used in PT simulation

Thermal Specific Density Thermal
Conductivity Heat Diffusivity
. K P 2
Materials Co 5 o [m°/s]
[ka/m’]
WImKT | p/kg.K] o =ki(p.C,)
Polyethylene 0.28 296 950 0.01E-05
Air 0.025 1000 1.205 2 E-05
y 1.2 mm 2 mm
— — | |
> ig 3 mm > : 5mm
£
=
& 1 mm 2 mm
- & — s |
> > 5mm 3 mm
> 37 mm A

Figure 3.5 Sketch of the inspected sample with 4 flat bottom holes [109]
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Figure 3.6 Show meshing of test specimen obtained via ANSYS 14
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3.6 THERMAL PROPOGATION EVOLUTION

Thermal propagation evolution over the whole sample are shown in Figure 3.7.
The simulation has been done by ANSYS 14 with the same conditions for both the non-
defective sample ( Figure 3.7a ) and the defective sample ( Figure 3.7b ). Figure 3.7a
shows a specimen with zero defects (nondefective speciemen), in which it is clearly
shown that the heat propogats uniformly from the up surafec inward another one
sequentially section by section (layer by layer) through the speciemn. Figure 3.7b shows

a specimen with defects (flat bottom holes) appear as hot spots.

The phenomen as follow; the temperatures distribution of the speciemen’s surface
being inspected will change rapidly (increasing) due to the delivered thermal energy that
applied onto surface. Then the heat pulses that generated at the surafce propagates by
conduction through specimen by diffusion starting from up surafec (stimulateed one)

towards inside one.

After pulse and as time elapses; in one hand, the heat propogats uniformly
through the specimen then the surface temperature will decrease uniformly for the
examined non-defefctive specimen, as it is shown in Figure 3.7a. On the other hand,
subsurface holes will block the the heat flow, due to the presence of these defects change
the heat flow rate then producing a non-uniform heat propogation which lead to have
abnormal temperature patterns at the surface. In fact in such a case the reduced diffusion
rate caused by the subsurface defect presence translates into “heat accumulation” and
hence higher surface temperature just over the defect which can be detected with an IR

camera, as it is shown in Figure 3.7b.
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In other words, subsurface defects (holes) act as a thermal barrier and work as a
thermal resistance which changes the thermal diffusion rate; mathematically described by
Fourier’s Eq.(13), therefore subsurface defects appear as areas of different temperature

(often hotter) with respect to surrounding areas.

Figure 3.5 shows two points F and C on the surface of the inspected specimen.
Where the cooling rate at point C is much slower than point F, due to there exists a defect
directly under point C which act as a thermal resistance. Hence, the zone that exists over
the defect will be cooled at a slower rate. Therfore; the defects appear on the observed
inspected speciemen’s surface as areas of different temperature (hotter) with respect to

surrounding areas (non-defective areas), as shown in Figure 3.7.
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* Temperature gradient in case of (a) is NOT same as in case of (b).

Figure 3.7 Specimen’s IR images obtained via ANSYS results for PT technique, which
show the thermal propogation sequence
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3.7 SIMULATION AND EXPERMINTAL’S RESULTS OF PT

In this section will introduce a modeling and simulation of pulsed thermography
PT. The model has already inspected laboratory [109]. In this simulation, it has applied
the same conditions of the corresponding laboratory test to the specimen that has

inspected via ANSYS 14.

3.7.1 Model Parameters. There are several parameters and factors have an
effective control in any thermographic measurement such as; the applied stimulation
energy especially its uniformity, total observation time of the cooling process, and the
number of thermal images to be taken by IR camera. Where the applied stimulation
energy is a variable factor and its power is related to the heat source. The total
observation time and the number of thermal images represent control settings of the
camera. The observation time has to cover most or the main part of the cooling process,
where cooling process continues until the whole sample has reached the surrounding
temperature and being in thermal equilibrium. However the most interesting part of the
cooling process in pulsed thermography is represented by only the beginning of the
cooling. Basically, typical observation time is about 30 seconds. For example, the cooling
process in an epoxy, concrete, or a polyvinyl-chloride (PVC) specimen is extremely slow,
I.e. it needs a long time to reach the surrounding temperature and being in thermal
equilibrium, due to the low thermal conductivity; i.e. the thermal diffusivity is poor.
Whilst for materials of high thermal conductivity such as silver, copper, and aluminum
specimens, then the cooling process is very quick and needs just a brief heating time in

which probably after 1 second is almost over. Thus the total observation time and the
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number of images to be taken are set individually according to thermal sample properties
and initial tasks [109].

In next two sections will introduce the evolution curves and sequence of
thermograms obtained by ANSY'S and their corresponding experiments. These evolution
curves were used for comparison of the experimental results and results obtained by
numerical modeling ANSYS. Furthermore, thermal contrast evolution curves were used

to analyze the differences in results that obtained experimentally and through modeling.

3.7.2 Cooling Curves Evolution. Figure 3.8 shows the surface temperature
development curves over the hole center (C) and away from it (F). The data of these
curves has obtained from experimental results [109]. Point (C) is the corssponding point
to the subsurace hole (defect) with diamter of 5 mm and depth of 4 mm. Point (F) is the
corssponding point to the center of distance between the two subsurafce holes, which is
non-defective area. These curves are called cooling curves, decay curves, or temprature
profiles. They describe the cooling process inculding the stimultion process as well which
is represented by first part, in which the curve is growing up. As the time passes, due to
the 3D thermal propagation by diffusion in all directions, then the temperature evolution
on the inspected specimen’s surface develps and leads to the thermal equilibrium again,
where the thermal propagation continues until the whole sample has reached the ambient
temperature after about 30 seconds.

On the other hand, Figure 3.9 shows the surface temperature development curves

over the holes center (C) and away from it (F). These curves have established based on
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data of modeling and simulation that obtained via FEM ANSYS and created by MS-
Excel 2010.

Figures 3.8 and 3.9 show that the temperature on point C is higher than point F
due to the fact there is a subsurface defect (hole) under point C. Indeed, the temperature
on point C is the maximum temperature among entire inspected specimen points, due to
the fact that the subsurface defect at point C has deepest depth and largest diameter, i.e.

the defect at point C will produce a highest thermal resistance over the entire specimen.

A
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Figure 3.8 Experimental cooling curves at the hole center and apart from it (cooling
curves are extracted at the points C and F as it is shown in Figure 3.5) [109]
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Figure 3.9 Cooling curves at the center of hole and apart from it (cooling curves are
extracted at the points C and F as it is shown in Figure 3.5), data has obtained by ANSYS

Also it is clear from both of Fig. 3.10 and Fig. 3.11; there is a little bit difference
between them. That is because the laboratory (experimental) test in Fig. 3.10 was done
under real condition which is not exactly similar to the ideal condition of the simulation
in Figure 3.11. Where, in ANSYS simulation the inspected specimen was perfectly
isolated at the four sides around the sample, i.e. zero heat transfer with no convection or
radiation; whilst in real (experimental test) it was not totally isolated. Also the initial
conditions and assumptions that are considered to build up the transient thermal and
mechanical bench of ANSYS can cause this difference between these curves. Moreover,
the delivered thermal energy to stimulate the specimen being examined, it may be

different in exact amount and its uniformity where it cannot guarantee to stimulate the
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object uniformly. However, the temperature profile curves in both figures behave and act

almost the same behavior. Hence, this can validate this simulation.

Furthermore both Fig. 3.10 and 3.11 show the difference between applying Eq.
(13) and set of Eq. (14) and Eq. (15); it is very clear that both of the temperature decay
curves behave the same behavior for using a very short pulse, as it is shown in Fig. 3.10;
but there is a difference in case of long pulse especially at the beginning of the cooling
process; as it is shown in Fig. 3.11. Therefore, it is very suitable to use Eq. (14) for a
short pulse (us, ms to 1s), i.e. for a pulsed flash thermography; and use set of Eq. (15)

and Eq. (16) for a long pulse (1s to several seconds), i.e. pulsed transient thermography.

Pulse duration=0.1s

= ANSYS
40 — Eq.13

38 ——Eq.14 &Eq.15

Temp, °C
&

28 1 T T T T T T :I

0 5 10 15 20 25 30 35
time, sec.

Figure 3.10 Shows temperature decay curves at point C for results obtained by Eq.13, set
of Eq.14& Eq.15, and ANSYS for a short heat pulse of 0.1 second
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Figure 3.11 Shows temperature decay curves at point C for results obtained by Eq.13, set
of Eq.14& Eq.15, and ANSYS for a long heat pulse of 4 seconds

From Fig. 3.12, the overall difference in temperature levels of the experimental,
theoretical (Eq.13 and Eq.14 &Eq.15), and numerical ANSYS results is again due to the
probability of non-uniform heating, emissivity variations, surface geometry, and
environmental reflections which have an extreme impact on thermal data of PT in case of
experimental test, but despite certain differences, it can generally be concluded that all
these decay curves show almost relatively similar behavior. Hence, the results obtained

via the ANSYS show a good reasonably agreement with the experimental data and this

validate this simulation.
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Figure 3.12 Shows temperature decay curves at point C for results obtained by
Experiment, Eq.13, set of Eq.14& Eq.15, and ANSYS for a short heat pulse of 0.1 second

3.7.3 Experimental and ANSYS’s IR Images. Figure 3.13 presents four pairs of
corresponding temperature distributions of the inspected specimen’s surface (thermal
images) in gray scale obtained experimentally [109] and from ANSYS simulation model.
Figure 3.13, in one hand, clearly illustrates that the results obtained with the ANSYS
show these are subsurface defects (holes) which validate this simulation. On the other
hand, the results that obtained by ANSYS show a good reasonably agreement/match in
comparison to these results in the corresponding experimental test. Hence, this validates

this simulation.
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These thermograms represent a useful tool in observations and detections. Where
it exists several observations can be made from these thermograms. In which this
noticeable thermal contrast refers to existence of a subsurface fault (holes) which helps to
reveal the defect and determines its location. These contours represent the non-defective
areas, i.e. the defects locate under this contour. Thus, we can conclude that the qualitative
evaluation of nondestructive inspection is not a big issue in PT technique. However, the
more challenge exists in the quantitative evaluation of the inspection results such as;
exact shape, depth and thermal properties. It is worth to mention that the temperature
scales are adjusted so that the maximal contrast is obtained for experimental images in
order to enhance the visibility of defects. The temperatures range for the corresponding
temperatures distribution data of the examined specimen’s surface that obtained
numerically via FEM ANSYS were adjusted to correspond to the experimental data
temperature scale; so that the images can be directly compared. However, any different
between the results of the ANSYS model and the corresponding experiment it can be
existed due to some changes; where the model has done via ANSYS in ideal conditions
while the experiment has done in real condition. These changes are such as the
homogeneities of the inspected specimen, heat convection, heat radiation, ambient
temperature, the distance between the excitation source and the inspected specimen, and
the uniformity of the thermal energy that supplied to the examined specimen’s surface

which is very important factor that can be effect on the PT experimental results.
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Figure 3.13 Thermograms and surface temperature distribution of the cooling sequence
measured by PT that has obtained by ANSY'S and experiment [109]
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4. LOCK-IN THERMOGRAPHY TECHNIQUE (LT)

4.1 INTRODUCTION

Lock-in thermography; [6,16,26,28,29,34,36,38,39,53,74,95,100,106,107,110],
was invented in 1984 [111] and has been used widely in NDI’s testing and evaluating for
looking below the surface of solid parts due to it allows detecting subsurface defects, i.e.

hidden faults [16,112].

Lock-in Thermography stands as an active thermography NDI technique which is
established basing on using a periodic input energy waves (periodic excitation) to send
periodic waves (sinusoids) at a given modulation frequency w; in order to derive
information from the observed phase and amplitude of the reflected thermal wave [113],
see Fig. 4.1, which it makes visualization of deeper defects with LT is possible better
than with PT. The halogen lamps represent the most common affordable stimulation

heating source that is used in LT [95].

Lock-in thermography is a technique derived from photo-thermal radiometry
(PTR) [114], in which, the thermal waves is delivered into specimen’s surface in the form
of periodic thermal waves (periodic stimulation), then the thermal response is recorded at
the same time by using an IR camera [26,34]. In general in PTR, the examined
specimen’s surface is stimulated by a plane light beam and its thermal infrared emission
is measured and recorded by an infrared IR detector. In one hand, if the infrared IR
detector is made of a monolithic IR sensor, then the technique is known as photo-thermal

radiometry (PTR), whereas if the detector is made of an array of IR sensors, the
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technique is known as lock-in thermography (LT) [113,115]. Using an un-cooled IR-

camera in LT is normally sufficient, and then it is an economical technique since the

uncooled IR camera is cheaper.
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Figure 4.1 Equipment configurations for Lock-in Thermography [34]

The principle of LT operation is based on applying periodic thermal waves into

the specimen being inspected. The periodic wave propagates by radiation through the air

until it reaches the examined object’s surface where heat energy is generated and warm

the specimen’s surface up then propagates by diffusion through the material as thermal

waves. Whenever these thermal waves reach any discontinuity (defect); such as
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inclusions, or delaminations, then these defect acts as a thermal barrier (thermal
resistance) causing changes in amplitude and phase delay (shifting) of the response signal
at the surface. The thermal response is recorded at the same time by using an IR camera

[34,54,87].

LT technique has established basing on the fact that the thermal wave is very
responded to any slight changes or interfaces between materials, where based on
observed thermal images that obtained via IR camera, then any changes in amplitude or
phase between defective areas and non-defective areas refers to the defect’s presence
[54]. In LT technique, it is preferred to use halogen lamps to generate the periodic
thermal waves, due to their relatively high efficiency, simplicity in use and possibility of

control by amplitude modulation of conventional power units [113].

The most interesting thing as a NDI technique is these periodic thermal waves can
be created and detected remotely. In general; lock-in thermography is convenient tool to
be used for detecting subsurface defects, measuring thicknesses of coatings and
determining material properties [116,117]. Particularly, LT technique stands as one of the
common attractive investigation methods that are used in fields of antique art treasures
(frescos) [118]. Furthermore, LT technique has increasingly been used for reliable defect
detection in composite materials such as carbon-fiber-reinforced polymers (CFRPs) in
aircraft structures [116]. Where most CFRP structures have a finite thickness and non-
destructive inspection is performed in a natural ambient environment. Hence, LT has

been used to detect delaminations in the composite structures of aircraft [117].
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4.2 BASIC CONCEPT AND THEORY FOR LT

Basically, the lock-in terminology refers to the fact of being required to monitor
the exact time dependence between the output signal and the original input signal [87].
Lock-in thermography is a technique based on amplitude modulated thermal waves
created inside the inspected specimen. Thermal waves are used as tool to examine objects
and reveal the local non-homogeneities; hence it leads to detect hidden faults inside the
inspected objects [119]. This is not a new concept since these thermal waves were first
created and investigated by Fourier and Angstrém back in the 19" century [72].
Basically, periodic thermal waves in lock-in thermography represent a repetitive heat,
where the source duration in LT technique may be sinusoidal in range of 0.01 Hz to 20

Hz, or rectangular (seconds to hours) [36].

Qualitatively, the phenomenon is as follows; in this technique the examined
specimen’s surface is periodically stimulated by one or several modulated heating
sources, such as halogen lamps, to inject thermal waves perpendicularly into the
inspected specimen. Where the periodic thermal waves transfer by radiation through the
air (medium) until the sinusoidal heat wave’s front being in face with the inspected
specimen’s surface where the inspected specimen’s surface is heating up then the thermal
waves propagates by diffusion through the material. The temperature of each point in the
inspected specimen will change over time, as it will be affected by the generated waves
and those reflected in thermal barriers. Since the subsurface defect or any subsurface
discontinuity or non-homogeneity act as barrier for heat propagation, then it will effect on

the thermal waves and change its amplitude and phase as a result [16,36].
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Simply, wherever these thermal waves being in face with any subsurface
discontinuity or non-homogeneity in which there is a change of the thermal physical
properties, causing a thermal effect change in terms of reducing the amplitude and its
phase delay, then it will be partially reflected. The reflected part of the thermal wave
interferes with the incoming input thermal wave creating at the stimulated surface of the
examined specimen, causing an interference pattern in the local surface temperature and
thus in the surface radiation as a result; which oscillates at the same frequency as the
input thermal wave. The thermal response is recorded at the same time by using an IR
camera, then evaluating the amplitude and the phase of the local surface temperatures one
to earn information about the internal structure of test object. The IR camera can observe
the whole or a large part of the inspected specimen’s surface typically in a 320 x 256 or

640 x 512 pixel array configurations as example [16,26,28,34,36].

Any phase shift (delay) between the thermal evolution for a defective region and a
non-defective region represents an abnormality (defect) which can be observed and
revealed. For NDI testing purposes, the phase image (phasegram) is often more
informative than the ampligram (amplitude image) one which strongly depends on the
local IR emissivity; i.e. the phasegram is independent from the IR emissivity (¢) of the
surface. In fact, the phasegram is a measure of the time delay of the surface temperature
modulation referred to the power modulation, which is indeed independent of the
magnitude of the heat source [112]. Where the amplitude image is related to the thermal

diffusivity and the phase image is related to the propagation time [87].

Mathematically, in the lock-in thermography technique the procedure as follow;

after observing the inspected specimen’s surface via IR camera then the recorded
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temperature data is transformed into a frequency domain. In which in each pixel, the
measured temporal evolution of the temperature represents a Fourier-transformed for all
the recorded images sequence. Each pixel in the thermal image corresponds to a
temperature at a given time, so that by using Fourier-Transform method for each pixel
per cycle then an advanced new result is obtained. This new result is represented by a
phase image and an amplitude image [28,36]. Any fault (discontinuity or non-
homogeneity) inside the object will be reflected in these images; hence they can show the

internal structure of the inspected object and all possible defects [20].

In LT, the obtained thermal images are not the same as these thermographic
images that obtained in case of the pulse thermography in previous section by some
characteristics since both amplitude and phase images are available. In one hand, these
thermographic images, that obtained by using PT technique, are corresponded to the
mapping images of the thermal IR energy emitted from the stimulated specimen’s
surface; i.e. thermographic images are actually visual displays of the amount of infrared
energy emitted by an object. On the other hand, the amplitude image is related to the
thermal diffusivity and the phase image is related to the propagation time
[16,29,34,87,120]. Therefore; LT thermography technique represents an attractive NDI
tool due to it is related to the phase and amplitude delay properties of the reposed thermal
waves [36]. Phase image represents a strong characteristic of lock-in as a NDI tool, which
is relatively independent of local optical and thermal specimen’s surface features

[72,87,120].
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4.3 LOCK-IN PERIODIC THERMAL WAVES

In Paris 1807, the French mathematician Joseph Fourier had made study on the
heat diffusion by conduction in solid bodies then was able to complete it in 1807 and
submitted its paper to the Académie des Sciences. His study was refused initially because
of Lagrange disagreement on the use of the Fourier series. Despite that Joseph Fourier
had awarded the Grand Prize in Mathematics of the Academy four years later after he
submitted a corrected version of his study, it was not until 1822 that his work Théorie
analytique de la chaleur was finally published [121]. His paper was included the concepts
that would develop later into what is nowadays known as Fourier analysis which
represents the base for FFT (fast Fourier Transfer) [36,122,123]. There exist some
benefits of using periodic heating instead of pulses. For example, a relatively low power

thermal wave can be used since energy is concentrated at a single frequency [124].

The Fourier’s Law 1D solution for a periodic sinusoidal thermal wave
propagating through a semi-infinite homogeneous material may be expressed by this

relation [80]:

T(z,t) = T,exp (—Z) cos [271/1- Z_ wt] (19)

Where T, [°C] is the initial change in temperature produced by the heat source, w=2xzf
[rad/s] is the modulation frequency, f[Hz] is the frequency of thermal wave modulation,
A=2mu [m] is the thermal wavelength; and p [m] is the thermal diffusion length which it
determines the rate of decay of the thermal wave as it penetrates through the material and

is expressed as [125]:
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(20)

Sinusoidal waves are commonly used, although other periodic waveforms are
possible. Using sinusoids as input has the benefit that the frequency and shape of the
response thermal waves are preserved; see Fig. 4.2, only the amplitude and phase delay
of the wave may change with respect to the reference input signal. This property of the

sinus and cosines functions is well known as sinusoidal fidelity [126,127].

4.4 EXPERIMENTAL SETUP FOR LT

As it is shown in Figure 4.1; the experimental configuration of lock-in
thermography technique includes a periodic thermal stimulation source in order to deliver
the thermal energy to the inspected specimen’s surface in form of periodic thermal. The
halogen lamps send periodic thermal waves to the inspected specimen’s surface at a
given modulation frequency w, for at least one cycle; ideally until reaching a steady state,
which depends on the thermal physical properties of the examined specimen and the
defect depth [26,28,34,36]. The thermal response is recorded at the same time using an IR
camera that is synchronized with the excitation signal and decomposed by a lock-in

amplifier to extract the amplitude and phase of the modulation [126].
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4.5 DATA ACQUISTION FOR LT

Several researches have showed these are some limitations and challenges in
using LT technique with respect to PT technique. Where in LT, the object being
examined is periodically excited by using a periodic thermal wave with a single
frequency corresponding to a particular depth at which a particular defect can be
detectable. However; this procedure (test) has to be repeated with other different
frequencies to cover a wide range of depths (each single frequency to detect a defect
presence at specific test depth). This makes a lock-in thermography technique to be slow
and complex. It is worth to mention that deep depth requires a low frequency and shallow

depth needs long frequency [36].

Although the data acquisition in case of PT technique is fast, suitable,
straightforward, and easy to implement is fast, and allows the inspection of extended
surfaces. However, the data acquisitions in LT technique are more accurate depending on
the phasegram of the output signal. Due to the obtained data by PT technique are very
sensitive to some external effects which they have an extreme impact on the obtained
thermal data of PT technique; such as sunlight, dirt, surface emissivity variations [128],
surface geometry, non-uniformities of heating that applied into the specimen’s surface
being examined [129], and environmental reflections [130], while LT technique is not

affected by these effects [131].

On the other hand, lock-in thermography LT, allows the reconstruction of phase
images that are less affected by the characteristics mentioned above (non-uniform

heating, emissivity variations, surface geometry, and environmental reflections); i.e. LT
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represents an insensitive technique to [38,132]. Furthermore; LT technique has ability to
detect a wide range of deep subsurface defects better than in case of PT; for instance
composite defect inspection then the pulsed thermography can detect a subsurface defects
in range up to 6 mm while lock-in thermography is able to detect a deeper subsurface

defects in range up to 12 mm [76].

An interesting thing of LT is in the fact that by the use of a periodic excitation
detailed examinations can be executed with a relatively low power thermal waves input
into the object. This permits the examination of thermally sensitive components and the
use of relatively simple heat sources. However; LT technique is a low technique in
comparison with PT technique, due to in LT method a permanent regime has to be

reached [36].

Investigations on amplitude and phase properties can be tracked back to the early
studies of thermal wave imaging [128,133-135]. These and more recent studies [129-
131,136] have indicated the fact that the phase image is very interested to be used in NDI
evaluation tests, due to the fact that the phase image is less affected and insensitive to
these external effects of surface emissivity variations, surface geometry, non-uniformities
of applied heating, and environmental reflections [36,132]. Therefore, lock-in
thermography has the ability to reconstruct the phase images that are less affected by the
problems mentioned above while the PT technique has not. Furthermore, contrary to
optical pulsed thermography technique which has a great variety of processing
techniques, there is only a limited signal processing methods that commonly used for
lock-in thermography data. A four point methodology for sinusoidal stimulation stands as

reliable method to retrieve amplitude and phase [36,133,137].
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A four point methodology for sinusoidal stimulation is available [34,129,131] and
illustrated in Figure 4.2. Figure 4.2 illustrates the sinusoidal input signal (1) on top of it,

and the response signal S at the bottom.

Sz

Figure 4.2 Four point methodology for amplitude and phase delay estimation by lock-in
thermography [36]

As mentioned in previous sections, input and output signals have the same shape
when sinusoids are used; as it is clearly visible in Fig. 3.15, there is only a change in

amplitude and phase that can be calculated as follows [34,36,131]:

A=/(5; —53)2 + (S, — S4)? (21)

www.manharaa.com




85

S - 53]

=t _1[
S

(22)

The 4-point method is valid only for sinusoidal stimulation. It is a quick method
but it is affected by noise. The signal can be de-noised in part by averaging of several
points instead of a single one and/or by increasing the number of cycles. Another
possibility is to fit the experimental data using least squares regression [36,138], and to
use this data to determine the phase and the amplitude. These two alternatives take part to
slow down the calculations. The discrete Fourier transform (DFT) can be used as another
option to extract phase and amplitude information from lock-in thermography data. The

DFT can be written as in Eg. (24) in next section [36,106].

4.6 PROCESSING WITH THE FOURIER TRANSFORM

As it has mentioned previously, the thermal response from the inspected
specimen’s surfaces, is recorded at the same time by using an IR camera and decomposed
by a lock-in amplifier to extract the amplitude and phase information. Several methods
have been improved to extract the amplitude and phase of the modulation. Fourier
Transform analysis is the most common and the preferred processing technique which
allows generating images of Ampligram as an amplitude image and phasegram as a phase

image [36,139].
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4.6.1 The Continuous Fourier Transform. The Fourier Transform (FT), or more
properly the Continuous Fourier Transform (CFT) can be derived by representing the

complex Fourier integral as a sum of exponential functions [34,36,119,140]:

F(f) =joof(t)-e(‘f2"f”dt (23)

Where j is the imaginary number; j*= -1 or j = V-1, although the CFT represents

an invaluable tool in the analytical formulation of a solution, but the Discrete Fourier
Transform (DFT) is usually preferred when working with sampled signals for the actual

implementation of the solution [36].

4.6.2 The Discrete Fourier Transform. The DFT can be derived by discretizing
both time and frequency, that is [34,36,110,119,141,142]:
N-1
E, = At Z T(kAt) - eJ2mk/N) = R + Im,, (24)
k=0
Where the subscript n designates the frequency increment (n=0, 1...N); At is the
sampling interval; and Re and Im are the real and the imaginary parts of the transform,

respectively [36].

The sampling interval Az is introduced in Eq. (24) as a scale factor in order to
produce equivalency between CFT and DFT [141]. For NDI test inspection applications,
Eq. (16) is not practical due to lengthy calculations. However by using the Fast Fourier

Transform (FFT) algorithm [143], it can extremely reduce the computation timing and is
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therefore privileged [36], see Figure 4.3. The Fast Fourier Transform (FFT) algorithm is

available on several software packages; such as MATLAB, greatly reduces [36].

FFT

Figure 4.3 FFT representations. [132]

4.6.3 Amplitude and Phase from LT. In this case, real (Re) and imaginary (Im)
parts of Eq. (24) are used to calculate the amplitude and the phase delay; i.e. the phase

angle or simply the phase, of the transform and to reconstruct 3D matrices as depicted in

Figure 3.17 [144]:

A = JREE T 29
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Im
@, = tan"! [R_e: (26)

Consequently, matrices shown in Figure 3.16; can be obtained by applying Eq.
(25) and Eqg. (26) on every pixel of the thermogram sequence in Figure 4.4. Temperature
profiles, as the one shown in Figure 3.4b, are real functions that provide a transform with
an even, or symmetrical, real part and an odd, or anti-symmetrical, imaginary part. This
type of function is referred as Hermite function [142]. As it is shown in Figure 4.4, the
symmetry properties of a Hermite function are reflected on the amplitude and phase of
the transform, which are even and odd, correspondingly, with respect to f=0 Hz, i.e.
n=N/2. Therefore, from a sequence of N thermograms, there are N/2 useful frequency
components; the other half of the spectra only provides redundant information. Negative

frequency data can thus be safely discarded [36,142,144].
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Figure 4.4 (a) Ampligram (Amplitude gram); and (b) phasegram sequences; on top, and
their corresponding profiles on the frequency spectra for a non-defective pixel on
coordinates (i, J); on bottom [36]

4.7 ROUTINES IN LOCK-IN THERMOGRAPHY

After it has illustrated the most theories and concepts in previous sections; in brief
this section will present the routines in LT technique. Figure 4.5 shows the main steps in
the NDI application of the lock-in thermography and the subsequence routines in the

acquisition and data processing.
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Initially, the inspected sample’s surface is excited periodically by a thermal wave
coming from halogen lamps. Also, LT can be applied using two different observation
methods; transmission and reflection. As mentioned, in the reflection mode, the heat front
produced by the thermal stimulation propagates through the material until it reaches
zones (or defective zones) with different thermal properties reflecting back part of the
thermal energy applied. In the transmission mode the heat flux is applied by radiation
over the surface of the material, so the infrared radiation received by the IR camera is a
function of the amount of heat that is transferred by conduction from one side of the

material to another [28,36,132].

Once the examined object is thermally stimulated, the thermal response is
recorded at the same time by using an IR camera and decomposed by a lock-in amplifier
to extract the amplitude and phase information. A thermogram sequence; i.e. thermal
map, of the inspected object’s surface is collected at a regular time intervals At,
composing then a 3D matrix [145], as clearly illustrated in Figure 4.5. In Figure 4.5, the
spatial coordinates (X, y) are represented by the horizontal and vertical pixels positions
respectively, whereas z represents the evolution time (t); i.e. (X, y, t). The thermal map
sequence is then processed and analyzed by applying the Fourier Transform on each pixel
of the thermogram sequence by using Eq. (24). Real and imaginary parts of Eq. (24) are
used to calculate the amplitude and phase of the transform; from Eq. (25) and Eq. (26)
respectively, allowing the reconstruction of the Ampligram and Phasegram maps

sequences matrixes, as showed in Figure 3.17 [36,132,144].
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Figure 4.5 Shows routines of data acquisition and processing in Lock-in Thermography
(reflection mode LT) [145]

4.8 GEOMETRY AND MESHING

The model geometry was defined to correspond to the inspected speciemn. All of
the dimensions used in the model were taken from the test sample specifications; such as
the defect size and disposition respect the specifications as well. The geometry was
studied numerically by using FEM ANSYS tools and run it on a regular computer and
without needing a professional computer machine. This work has been done via non-
commercial ANSYS 14 through a transient thermal as an analysis system. The test
specimen has designed by Auto-Cad based on the experimental specimen dimensions,

then imported it to the design modeler of geometry of ANSYS. For calibrating the
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analysis procedure, test specimen sized (170 x 195 x 3 mm3) made of austenitic steel
plate. The simulated defects are represented by flat-bottom holes which are arranged as
shown in Figure 4.6. There are 30 defects as subsurface holes. The distances between the
defects’ centers are equal to 25 mm and 35 mm from the boundary of the sample to the
center of the nearest hole. The thickness of the plate is 3 mm. The thermal physical
properties of the inspected object are shown in table 4.1. A mesh with (107046 nodes)
and (61985 elements) created in a sufficient accuracy features; as it is shown in Figure
4.7. The element size was not chosen uniformly, but with high smoothing, fast transition,
and fine span angle center. The defects have represented by 30 flat subsurface holes
which assumed they are filled up by air. The test specimen has stimulated uniformly from
one side; the nondefective surface, periodically by heat waves of (0.6 and 1 Hz)
frequency. The heat wave was a sinusoidal periodic whose power (g,) was changed in a
harmonic way by made the heat flow value is changed periodically as a sinusoidal
function as shown in Eq.(27). Sinusoidal variation heating condition means the heat flux

power density is time-variation:
1
q= E [QO — (o cos(wt)] (27)

Where g [watts] is the heat flux power density, qo [watts] is the power of the halogen

lamp, f [Hz] is the external heating stimulated frequency, and t [second] is the time.

The halogen lamp power that used in experiment and this simulation was 26

(kW); therefore Eq. (27) can be rewritten as follow;

q = 13000[1 — cos(2mft)] (28)
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Figure 4.6 Test specimen geometry of LT [146]
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Table 4.1 Thermal properties of materials used in LT simulation

Thermal Specific Seri Thermal
Conductivity ensity e
Heat Diffusivity
. k P 2
Materials Co , o [m?/s]
[kg/m’]
[Wim.K] [I/kg.K] o =ki(p.C)
Austenitic steel 15.1 480 7750 0.4 E-05
Air 0.025 1000 1.205 2 E-05
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]

a. Front side b. Rear side

Figure 4.7 Show meshing of inspected specimen obtained via ANSYS 14

4.9 SIMULATION AND EXPERMINTAL’S RESULTS OF LT

In each of Fig. 4.8b, Fig. 4.9, and Fig. 4.10, in one hand, it is clearly illustrated
that the results obtained with the ANSYS show these are subsurface defects (holes)
which validate this simulation. On the other hand, the results that obtained by ANSYS
show a good reasonably agreement/match in comparison to these results in the
corresponding experimental test as it is shown in Fig. 4.8 and Fig. 4.11. Hence, this

validates this simulation.

Figures 4.8a and 4.8b illustrate the surface temperature distributions that obtained
by experiment tests [146] and ANSYS respectively, for 0.6 Hz stimulating signal. It is

clearly evident that the similarity between the both images of the surface temperatures
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distributions of Fig. 4.8, show a reasonably validation and good agreement with the.
Figure 4.9; show the thermal colored images that obtained directly via ANSYS which
represents the test specimen’s surface temperatures distribution. Where Fig. 4.9a
illustrates thermal image with thermal gradual smooth contours and no wire frame, and
Fig. 4.9b illustrates thermal image with thermal gradual smooth contours with showing
elements which has created to make it looks like this one obtained by MATLAB in
Figure 4.11a. In such, to provide a clear comparison with respect to the 2D phasegram
image as shown in Figure 4.11. As it has mentioned in previous section (4.7); after
completed the modelling via ANSYS then collected the time history of the temperature
distribution of the test specimen’s surface which exported later into MS Excel file. The
exporting data then processed and analyzed to format a 3D matrix as (X, y, z, t, T). This
3D matrix is then processed and analyzed applying the Fourier Transform on each pixel
of the thermogram sequence by using MATLAB (Appendix B.1) based on the relations
of Eqg. (25) and Eq. (26) for Amplitude and phase respectively, which allowing the
reconstruction of the amplitude map and phasegram one; as it is shown as a 3D image in

Fig. 4.10, or as a 2D image in Figure 4.11.

It is very clear from the amplitude-gram and phase-gram to conclude there are
subsurface defect and estimate their places based on the thermal contrasts which apparent
on the surface. Presence of defects (holes) that apparent in both ampligram and
phasegram in Fig. 4.11a and Fig. 4.11c validate this simulation. In addition, it is visibly
clear how the phasegram that obtained in this simulation via ANSYS (Fig. 4.11c) is

similar to this one that obtained experimentally (Fig. 4.11b).
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a. Experimental [146] b. ANSYS*

*Image (b) has cropped to be fit with the experimental cropped image (a)

Figure 4.8 Surface temperature distributions for 0.6 Hz stimulating signal
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Figure 4.9 Shows thermal images of test specimen obtained via ANSYS 14 [°C], (Surface
temperature distributions for 1 Hz stimulating signal)
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Figure 4.10 Ampligram [°C] on left and Phasegram [rad] on right as 3D on top and 2D on
bottom repectively, generated by MATLAB (Appendix B.1)
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Figure 4.11 Two dimensions Phase images [rad] (on left: experimental [125], on right:
FEM ANSYYS)

4.10 ESTIMATING THE DEFECT’S SHAPE BY USING LT

It is well know that each defect has its specific shape. Infrared thermography has
ability to estimate the defect’s shape, especifically the simple shpaes such as the
subsurafce flat-holwa that are shown in previous sections by using pulsed thermography
or lock-in thermography. In this section will examine this advantage by using LT
technique with a model which has a complex defect’s shape. The defect represents the
logo of Missouri University of Science and Technology, as it is cearly shown in Figure
4.12.

The geometry was studied numerically by using FEM ANSYS tools.This work
has been done via non-commercial ANSYS 14 through a transient thermal as an analysis
system. The test specimen has designed by Auto-Cad based on the experimental

specimen dimensions, then imported it to the design modeler of geometry of ANSYS
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with size of (52 x 52x 5 mm3) made of structural steel plate. The thickness of the plate is
3 mm.

The thermal physical properties of the inspected object are shown in table 4.2. A
mesh with (315344 nodes) and (180426 elements) created in a sufficient accuracy
features; as it is shown in Figure 4.13. The element size was not chosen uniformly, but
with high smoothing, fast transition, and fine span angle center. The defects has assumed
they are filled up by air. The test specimen has stimulated uniformly from one side (front
surface); i.e. the nondefective surface, periodically by heat waves of (1 Hz) frequency.
The heat wave was a sinusoidal periodic whose power (20 KW) was changed in a
harmonic way by made the heat flow value is changed periodically as a sinusoidal

function as shown in Eq.(27), which has the same expresion that shown in Eq. (29).

e

Figure 4.12 Specimen model
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a. Front side b. Rear side

Figure 4.13 Specimen mesh

Figure 4.14 shows; on the top, the 3D Ampligram on the left and 3D Phasegram
on the right respectivly, whilst it shows; on the bottom, the 2D Ampligram on the left and
2D Phasegram on the right respectivly which generated by MATLAB (Appendix B.2).
As it is clearly illustarted form both of 2D Ampligram and 2D Phasegram that the detcted
defect image represent the logo of Missouri University of Science and Technology.
Hence, amplitude and phase images can be used not just for inspecting objects and detect
their defects, but also to estimate the defect’s shape. Defect’s shape is an important
feature to be estimated especially with maintenance operations in NDI apllications.
Whears the defect’s shape can tell when it is the suitable/critical time that the

maintenance is required to be doing.

www.manaraa.com



101

Table 4.2 Thermal properties of materials used in LT simulation of MST logo

Thermal Specific Dens Thermal
Conductivity ensity TR
Heat Diffusivity
. K p 2
Materials Co g/ a [m°/s]
g/m
[Wim.K] [I/kg.K] o =ki(p.C,)
Structural steel 60.5 434 7850 1.7 E-05
Air 0.025 1000 1.205 2 E-05
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Figure 4.14 Ampligram [°C] on left and Phasegram [rad] on right; as 3D on top and 2D
on bottom repectively, generated by MATLAB (Appendix B.1)
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5. LASER SPOT THERMOGRAPHY TECHNIQUE (LST)

5.1 INTRODUCTION

In general, the previous  two  techniques PT and LT,
[14,18,34,36,40,74,80,147,148], represent the most conventional NDI active
thermography techniques that has been successfully used in detecting in-plane defects
such as coating adhesion failures, delamination, or impact damage in carbon fiber
composites, and cracks parallel to its surface as well. But; there are specific defects, such
as near surface breaking cracks in metal parts that caused by fatigue or creep that grow
predominantly perpendicular to its surface, hence a conventional method (PT or LT) is
not suitable way to be used for detecting these type of cracks which are perpendicular to
its surface; due to the fact that these type of cracks do not block the heat flow flux that
applied perpendicularly to the surface. Therefore, these types of cracks/micro-cracks that
which grow predominantly perpendicular to the inspected object’s surface represent a
challenge for detection by using PT or LT techniques. It has been reported that surface’s
cracks with openings (widths) of below 0.5 mm on a concrete surface could not be
detected by using PT technique [83]. However; this type of cracks can be detected if the
heating stimulation operation is localized into a spot or a line on a surface, especially at
the crack’s vicinity [42]. Therefore; to overcome this challenge, advanced active
thermography stimulation techniques were developed a new technique which is known as
Pulsed Laser Thermography or Laser Spot Thermography (LST) [149-153]. Moreover,

thermal microscope measurements showed that thermally obtained lengths of vertical
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crack in silicon nitride were at least 34% longer than those that were optically measured

[154].

Laser
source

s

Collimator

Waveguide

Laser
controller

Test sample  |R camera
PC

Figure 5.1 Laser spot thermography test setup [149]

5.2 BASIC CONCEPT AND THEORY FOR LST

Laser spot thermography stands as an active non-destructive and non-contact
inspection infrared thermographic approach. LST technology is a technique based on
using an external thermal excitation source supplied by a high powerful laser source. A

laser is used for heating at a fixed position in proximity to the crack generating a thermal

spot [40].
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Laser Spot Thermography is a novel method for detecting surface breaking micro-
cracks in metals by using a powerful laser beam. In which the laser beam is focused on
the examined specimen’s surface to generate a heated spot on the sample being inspected,
specifically near to a surface breaking crack, to create a highly focused thermal spot from
which heat spreads and diffuses radially as a result. Therefore, any crack that is
developed perpendicularly to its surface, which locates at close zone to the heated spot; it
will affect the heat flow propagation and delay the lateral heat flow producing a
perturbation then creating a thermal contrast that can be easily observed by an IR camera,
which will reveal the state or fact of crack’s presence; i.e. differences in the thermal
diffusivity lead to produce differences in the thermal footprint; hence it can simply be

detected [26,42,44,49,65,69,150].

This technique introduces a detection method of open surface cracks; especially
the perpendicular cracks with openings in the micrometer range, which represents an
important task to prevent structural failure and save them; especially the high
performance steel in lightweight construction which is a subject of increasing interest.
The observation and measurement is based on the analysis of thermal contrasts on the
examined specimen’s surface temperature distribution in close area or neighborhood of

the stimulating laser spot [152,153].

Figure 5.2 shows the comparison between using the flash pulsed thermography
PT and the laser spot thermography LST. For in-plane defects which are parallel to its
surface; such as such as voids, pores, or delaminations. Then they can be detectable by
stimulating the test specimen’s surface by using the conventional thermography

techniques (PT or LT) in which a relatively homogenous thermal energy is applied
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perpendicular to the surface. Then observing the temperature distribution at the surface
with an IR camera, which leads to estimate the heat flow in the object and reveal the
defect’s presence; as it is illustrated in Figure 5.2a. It is very clear that the pulsed
thermography is unable to detect the cracks or especially the micrometer cracks which
are perpendicular to its surface, as it is clear in Figure 5.2b. As it has mentioned in
previous sections, the defect/crack stands as a barrier and works as a thermal resistance to
block the heat diffusion which propagates perpendicularly in relative to this defect, then
changes the thermal diffusion rate as a result. The affectivity of this thermal resistance
relates to the heat flow power relative to the defect direction. Therefore, it is convenient
to detect the cracks, or especially micrometer cracks, which are perpendicular to its
surface by applying a localized heat spot such as LST technique at the proximity of the
crack, due to this technique (LST) allows generating a radial heat diffusion which

propagates perpendicularly relative to this crack, as it is shown in Figure 5.2c.
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Figure 5.2 Shows the difference between PT and LT for two subsurface defects of test

specimen; parallel to surface (1%and 2™ column), perpendicular to surface (3"
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The phenomenon as follow; in conventional setups (PT or LT), a relatively
homogenous heat flow is applied perpendicular to the specimen’s surface being inspected
by using flash or halogen lamps [34]. After the inspected sample’s surface has stimulated
by using PT technique and the heat pulse front being in face with the front surface as it is
shown in Fig. 5.3, and Fig. 5.4, then it will warm up the surface and producing a
subsurface thermal pulse. This subsurface heat pulse propagates by diffusion through the
specimen’s materials due to there is a thermal gradient and then the thermal pulse will

keep diffusing through the materials starting from the front surface to the rear surface.

During this travel, if there is any discontinuity (defect), which is parallel to the
inspected specimen’s surface, being in face with these thermal pulses, it will change the
thermal physical properties at this location and change the heat diffusion flow rate as a

result, as it is clearly shown in both of Fig. 5.2a and Fig. 5.3.

Basically, these discontinuities; such as delamination, corrosion, voids, pores, or
inclusion, act as a thermal barrier which works as a thermal resistance that block the heat
diffusion flow and creating a thermal contrast with respect to surrounding area which
have not any discontinuity. Physically, that is due to the fact that these discontinuities
have thermal properties different than the inspected specimen’s thermal properties. To be
more accurate, whenever the thermal pulses energy reaching the defect then some portion
of this thermal energy transmits through the defect and another portion will reflect and
back to the front surface side. Therefore; when observing the stimulated specimen’s
surface by using an IR camera, it can simply recognize the defect presence due to the
perpendicular heat flux it can resolve the thermal properties changes, which are caused

due to the parallel defects, in its direction. In fact in such a case the reduced diffusion rate
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that caused by the subsurface defect presence translates into heat accumulation; i.e. on
the observed surface being examined then the area over the defective appears in hotter

relative to the reference area, as it is shown in Fig. 5.2a and Fig. 5.3.

On the other hand, if the discontinuity is perpendicular to its surface; such as the
micro-cracks, then this perpendicular crack will have a very weak impact on the
perpendicular thermal flow diffusion, i.e. almost will not change the heat flow rate.
Moreover; the reflected thermal pulses that are may generate due to the perpendicular
micro-crack will be a slight and cannot be observed and detected in most cases, as it is

shown in Fig. 5.2b and Fig. 5.4.

Therefore, to make these types of micro perpendicular cracks to be detectable it
needs to make the heat pulses to propagate radially to generate a thermal contrast. LST
technique can provide this feature by generating a high power focused pulsed laser spot
to create a highly localized heating spot from which heat diffuses radially. A laser is used
for heating at a fixed position in proximity to the crack. Then the crack will interrupt the
lateral heat flow and delay the lateral heat flow and this perturbation will lead to an
unsymmetrical thermal footprint which can be observed by an IR camera. Hence; will be
able to detect the crack, i.e. the thermal image that obtained by IR camera will reveal the
perturbation caused by the crack and this can be used to detect its presence, as it is shown

in Fig. 5.2c and Fig. 5.5.
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Figure 5.3 Heat transfer with parallel defect by using PT technique
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Figure 5.4 Heat transfer with perpendicular crack by using PT technique
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Figure 5.5 Heat transfer with perpendicular crack by using LST technique
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5.3 EXPERIMENTAL SETUP FOR LST

There is several literature studies have reported on laser spot thermography
technique. Some of these studies have used a low power of laser of less or about 1 W,
whilst in this study a 21W Laservall industrial fibred diode laser has been used. The laser
beam wavelength is 808 nm and its focal spot diameter is about 1.8 mm. The laser is
operated in a pulse mode. The pulse duration can be set from1millisecond to 10 seconds.
Figure 5.1 shows the experimental setup of laser spot thermography testing system. This
configuration consists of five major components, namely: a laser source, a laser
controller, collimator, an infrared camera, and a computer for data acquisition and
storage. A collimator is a device that allows producing a parallel beam of rays or
radiation. The computer is used to control the laser output power and pulse duration long
(width), and for a post- processing as well. Experimentally, the thermal response has

recorded by a Raytheon InSb IR infrared camera with a frame rate of 60 Hz [40,151].

5.4 GEOMETRY AND MESHING

The model geometry was defined to be corresponded to the sample tested. All of
the dimensions used in the model were taken from the test sample specifications; such as
the defect size and disposition respect the specifications as well. The geometry was
studied numerically by using FEM ANSYS and run it on a regular computer machine and
without needing a professional computer machine. This work has been done via non-
commercial ANSYS 14 through a transient thermal as an analysis system. The test

specimen has designed by Auto-Cad based on the experimental specimen dimensions,
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then imported it to the design modeler of geometry of ANSYS. For calibrating the
analysis procedure, test specimen sized (10 x 10 x 5 mm?3) made of mild steel plate with a
fatigue crack has developed perpendicularly to the surface. The defect represents a gap
filled within air. The width of crack (opening) is set to 50 pum. The thickness of the plate
is 5 mm. The physics thermal properties of the inspected object are shown in table 5.1. A
mesh with (402,367) nodes and (288,883) elements created in a sufficient accuracy
features; as it is shown in Figure 5.6. The element size was not chosen uniformly, but
with high smoothing, fast transition, and fine span angle center. The test specimen has

stimulated from one side; the non-defective surface side, by a laser spot with 1.8 mm

diameter.
Table 5.1 Thermal properties of materials used in LST simulation

Thermal Specific _ Thermal

Conductivity Density .
Heat Diffusivity

. k P
Materials Co 5 a
[ka/m’]

[Wim.K] [I/kg.K] a=k/(p.C;)
Mild steel 40 500 7850 1.0191x10”
Air 0.025 1000 1.205 2.0747x10”
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Figure 5.6 Shows meshing of test specimen obtained via ANSYS 14

5.5 SIMULATION AND EXPERMINTAL’S RESULTS OF LST

This study presents FEM ANSY'S simulation as a tool to model the thermal flow
from a laser heated spot in the vicinity or nearness of a crack. The study also presents the
results of an image processing method for extracting images of cracks after laser spot is

irradiated.

Several studies are found there exists some parameters that can affect the thermal
images; such as host material, crack opening, length depth and geometry; laser power and
pulse duration; spot imaging time and spot distance from the crack. A pulsed laser spot

has chosen to excite the thermal transient because a high temperature difference will be
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provided with respect to the neighbourhood. If the pulse is long, heat will start to
dissipate in the sample whilst the laser is still on. This phenomenon is more obvious in

metal samples.

It is clearly obvious in the both images that shown in Fig. 5.7a (non-defective
specimen) and Fig. 5.7b (defective specimen), the crack leads to form a ‘D’ shape; as
shown in Fig. 5.7b, rather than a round shape in test specimen without crack as it is
clearly shown in Fig. 5.7a because of the heat blockage by the crack. The effect of
thermal resistance of the air-filled crack is to create thermal flows. Due to the fact that
this crack acts as a thermal barrier which changes the thermal diffusion rate. Hence; this
leads to validate using LST technique to detect these type of defects (crack) and validate

using ANSY'S as well since this test has been made via ANSYS.

Figure 5.8 shows the modeled surface temperature images of a laser beam
incident on a mild steel metal block obtained from this model. These thermal counters
image has obtained when the test object was excited by a laser pulse. The laser excitation
is applied with power of 13 Watt spot heating of 1 mm radius at the right hand side of a
crack. The pulse width duration is 50 ms . The width of crack (opening) is set to 50 um,
the length is 5mm, and the depth is about 4 mm.The laser spot center was 1 mm away

from the crack.

Figure 5.8 shows the temperature distribution on the specimen’s surface; i.e. the
thermograms. First three images (frames), Fig. 5.8a, Fig. 5.8b, and Fig. 5.8c, show the
temperature distribution on the specimen’s surface at the time when the laser was still

turned on. From the 4™ frame, i.e. after 50 ms of starting the stimulation, the laser spot
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was turned off and the heat started to dissipate through the test material. It is easily clear
that the full extent of the crack becomes easier to perceive with elapsed time, where the
crack will block the heat flow and change its diffusion rate causing a ‘D’ shape thermal
contours producing on the surface temperature distribution; which means there exists a

crack.

It is worth to mention, the temperature rise scales in Fig. 5.8a are in IR camera
‘digital level’ units and in Fig. 5.8b, and Fig. 5.8c are in units of degrees Celsius. So, the
conversion factor is around 300. Based on thermograms images set of Fig. 5.8; it is
clearly illustrated there is a good reasonably agreement between the sets of experimental
and simulated thermal images which can validate this simulation that has been done via

FEM ANSYS.

O

a. non-defective specimen b. defective specimen

Figure 5.7 Test specimen’s surface temperature distribution [°C]
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Figure 5.8 Shows the Resulting experimental thermal contour images and the
corresponding by FEM and ANSYS [°C]
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Figure 5.8 (continued)
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Moreover; Fig. 5.9 and Fig. 5.10 show both of the ampligram and phasegram
images as 2D and 3D respectively; where they were created by MATLAB (Appendix
B.3) after importing the associated temperature time history from ANSYS. It is clearly
visible on both images there is irregularity of temperature distribution above the

excitation point caused by the crack presence. Hence, this refers to the fact of a

subsurface fault presence (crack).

2.3

2.6

q2.4

2.2

11.8

11.6

1.4

1.2

a. 2D Ampligram [°C] b. 2D Phasegram [rad]

Figure 5.9 Two dimensions Amplitude and Phase images obtained by MATLAB

(Appendix B.3)
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a. 3D Ampligram [°C]

b. 3D Phasegram [rad]

Figure 5.10 Three dimensions Amplitude and Phase images creating by MATLAB

(Appendix B.3)
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5.6 ANALYTICAL AND NUMERICAL MODELING (ANSYS)

5.6.1 3D Analytical Modeling-Point Heating. There are no 3D analytical results
for the distribution of a heat flow in a material containing narrow vertical cracks.
However, results are available for the temperature rise caused by a laser source in a
homogeneous, isotropic and semi-infinite material, such as metal. The 3D heat
conduction in such a material can be expressed as [153,155]:

0%T 0T 0°T 1 aT

q///
et 30
d0x? * dy? * 0z a 0t k (30)

Where T [K] is the temperature rise, x, y, and z are the Cartesian coordinates, and ¢"

[W/m®] is the heat produced per unit volume per unit time.

Also, the instantaneous temperature rise from a point source [153] is:

T(rt) = < r 31
(r,t) = W exp <_ﬁ> (31)

Where, Q [J] is the total energy of the heat source, and r [m] is the radius in a polar

coordinate (pole is the point source center).

A continuous heat source has the same effect as a sequence of a very large
number of small instantaneous sources of equal size. Thus, for a point source with
continuous heating and when Q is constant, the integrated temperature result in the time

domain is [155]:

T(r,t) =

Q f fexp(—r?/4at’) ¢ (32)
0

8pc, (mat)3/? t'3/2 Artkr erfC(Z(at)l/Z)
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Where q [watt] is the source power.

However, the “‘cooling’ effect after the laser spot is switched off is not considered
in equation (32). After convoluting the laser pulse (a square “top-hat” shape in the time
domain, Gaussian shape in the spatial domain) with the instantaneous temperature rise,
for a Gaussian shape round spot source with continuous heating, the integrated

temperature result in the time domain is [153,156]:

T(r,z,t) =

Lgx 72 \/EftP(t — tNexp(—z%/4at’ — r?/(4at’ + 12)) i (33)
0

kT t'2(4at’ + 12)

Where (r, z) are cylindrical coordinates with the origin on the surface at the center of the
irradiated spot, Inax [watt] is the maximum power density of the laser pulse, and p(t) is the
normalized temporal profile of the laser pulse at the time t, and r, is the laser beam

radius.

5.6.2 3D Finite Difference Modeling. For 3D finite difference modelling, the
heat boundary condition of the surface with laser spot irradiation in Cartesian coordinates
is:

0T (x,y,z=10,t) P 5 o) 2
— _ 34
k P = exp[—(x* + y=)/a*] (34)

For the other five boundaries, we assume they are insulated. For example, at the

boundary when x=0, we have:
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dT(x =0,y,z,t) _o

P (35)

The heat boundary condition of the surface with laser line irradiation in Cartesian

coordinates is:

0T (x,y,z = 10,t) P 5y, o
—k Fp - exp(—y*/a®) (36)

The effects of cracks may be simulated by ‘Ghost Points’ in a numerical
modelling grid that are generated by balancing thermal fluxes flowing into a crack and
through a crack, with those flowing out of the crack according to Fourier's Law. They

guarantee correct thermal gradients in the bulk material either side of the crack.

5.6.3 Ghost Point Heat Diffusion Model. The concept of the ghost point [157-
160]; or a fictitious point, in a 1-D finite difference heat transfer model is shown in
Figure 5.11. In this case, the crack is embedded between the current grid point (i) and its
left grid point (i-1). The width of the crack (6) may be far smaller than the grid spacing
(d). The distance of the crack to the left grid point is (¢). Usually, the crack is full of air
and its conductivity (ka) is much lower than the conductivity of the metal block (ks). Thus
the thermal gradient across the crack will be larger than in the other parts of the metal

block [157].
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Figure 5.11 1-D “ghost point’ finite difference heat diffusion model. Heat flux is balanced
when it flows into, through and out of the crack [157]

The heat flux balance in the x-direction when it flows from the grid point (i-1)
into the crack, through the crack and then flows out of the crack to the grid point (i), as it

is shown in this equation [151]:

=T To=Tu_, Ti-Ti

= = = 37
ks o ) Sd—g—6 © (37)

where Ti-1, TL, TR, Ti, and Ti+1 are respectively the temperature rise at the grid point (i-
1), the left boundary of the crack, the right boundary of the crack and the grid points of (i)
and (i+1), and g is the heat flux.

By defining a ghost point to equal the temperature increase effect because of the
crack, the isotropic heat transfer model can still be applied; however, the temperature rise
at the grid point (i-1) should be replaced by the value of the ghost point (Tg). The next

equation (Eqg.28) shows the calculation of the temperature rise at the ghost point [151]:
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kg .d =g (38)

After substituting Eq. (37) into Eq. (38), we can represent T by T; and T;.;; then:

¢ d
Te = T; T;_ 39
Where ¢is related to ks, ks and o as it is shown in this relation:
ks
§=<——1)-5 (40)
kq

The 3-D heat diffusion equation with no internal heat generation is shown in this
equation:

oT
kV?T = — 41
o (41)

Or the 1-D heat diffusion equation with no internal heat generation is shown in this
equation:

2

9T _or (42)
dx? 0Ot

By Substituting Eq. (39) into Eq. (41), and representing Eq. (41) by using finite

difference elements, it will have these relations:

-I—n+l _ kAt

i,jm — dz

'(Tizl,j,m -aT" +bT" + N)+Tiy”j'm (43)

c'i,j,m g "i-1j,m

N=T" +T," +Ti,nj,m+1 +Ti,nj,m—1 (44)

— Vi, j+,m i,j-1,m

Where At is the time step, Tijm" is the temperature rise of the grid point 'i, j, m' at time n

and Ti,j,m"+1 Is the temperature rise at the next time step. The values of acand by are:
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_ 5¢+6d

= 45
by = (46)
& ¢+d
If the heat diffusion model is 1-D, then the value of a. becomes:
&+ 2d
a. = d
§+ (47)
If the heat diffusion model is 2-D, then the value of a. becomes:
3¢ +4d
a. =

If the crack is embedded between the current grid point “i, j, m’ and the point 'i+1,
J, m', then the grid point 'i+1, j, m' becomes the 'ghost point' and the temperature rise at
this point should multiply the coefficient by like the ghost point 'i-1, j, m' in Eq. (43)
[151]. Moreover; the temperature gradient across the crack can also be derived from Eq.

(37) as follows [157]:

Tr—=T,  Ti—Ti1
5 kq (49)
rd—5 "9

By using the ghost point’s method to balance the heat flux, the heat transfer
model avoids the need of the very fine mesh spacing that is necessary to deal with real

cracks that often have openings of only a few micrometers [157-160].
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5.7 ANALYTICAL AND NUMERICAL MODELING COMPARISON

This section discusses the analytical modeling [150], the corresponding numerical
modeling by 3D ghost point finite difference modelling results [150] and FEM ANSYS
results, based on the temperature rise caused by laser-spot source for different depths.
Figure 5.12 shows three graphs Fig. 5.12a, Fig. 5.12b, and Fig. 5.12c which represents
the temperature rise within steel after an incident Square laser pulse based on 3D
analytical modelling results [150], 3D ghost point finite difference modelling results

[150], and ANSYS modeling results respectively.

The laser pulse was a top-hat (square shape) of 50 ms in the time domain. The
radius of the spot was taken to be 1mm (1/e fall and ra=1 mm). Laser output power was
20W, thus, Imax~20/(na2)~6.37x106W/m2. In these simulations, the boundary
conditions for the inspected specimen were assumed to be insulation; i.e. adiabatic.
Therefore; the reflectivity of the sample surface was not considered in either model; i.e.
all the 20W of energy was assumed to be absorbed by metal samples for each of the
modeling methods; 3D analytical modeling; 3D ghost point finite difference modelling,
and the ANSY'S modeling. Each graph corresponds to temperatures rises of the laser spot
center at different depths in the metal block. Each graph contains five curves with
different colors; and each color refers to a specific depth. It is very clear from these
graphs, almost there is not any difference between the corresponding curves else the
curves at depth of 0.1 mm, where there is a small difference which is about 1%. This may
be due to the fact that there are several factors which can cause these differences; such as

boundary conditions of the 3D numerical model, 3D analytical modelling and the
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accuracy of the 3D numerical model and FEM ANSYS; such as time step space step and

different numerical methods [156,161].

The explicit finite difference method [150] was employed with 0.1mm grid
spacing and 0.1 ms time steps. The simulation programs were formulated in MATLAB
and run on a conventional PC [150]. Where the time step, that was used to provide this
FEM ANSYS model, was 1 ms because the curves were not a smooth enough when took
a time step more than 1ms. Figure 5.8c has created based on the ANSYS’s results which
has restored on MS Excel file as a data sheet then processed to provide these curves.
Ultimately, by take a look on those graphs, then it can find out they have the same
behavior. Hence, there is good agreement between the analytical and the modeling results

and this validate the ANSYS modeling.
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Figure 5.12 Temperature Rise within Steel after an incident Square laser pulse
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5.8 CONCLUSION

The results presented in this work indicate that the pulsed laser spot
thermography LST technique has a good sensitivity and sensibility of crack detection,
especially micro-cracks which are perpendicular to its surface, competitive with the
classical IRT techniques (PT/LT). The LST technique has the benefits of being a non-
contacting and requiring no surface processes or preparation. Although, it is well known
that to be more accurate, the inspected specimen’s surfaces should be clean and free of
any scratch, deep scrabble or indentations that would disturb heat flow in a similar
manner to a crack. However, it is observed that this technique is still far slower than a PT
technique and its areas of application will probably be the inspection test of localized

defect-prone zones on relatively small components.
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6. LASER DIGITAL DEVICE THERMOGRAPHY

6.1 INTRODUCTION

In this section, an investigation of Laser Digital Micromirror Thermography
(LDMT) as a means of detecting and imaging cracks is presented; especially micrometer
cracks which are perpendicular to its surface. This technique is based on using a digital
mirror device (DMD) which has ability to produce multi laser beams; i.e. multi hot spot
onto the specimen’s surface being examined which can generate a heat flow will
propagate radially by diffusion through the specimen. In one word, this technique was

derived from LST technique.

The previous thermography technique of laser spot thermography (LST) has been
presented that it has the ability to deal properly with cracks with openings in the
micrometer range; especially cracks perpendicular to its surface. However there is a
challenge with following this technique (LST) about reaching the suitable local place to
apply the laser spot to be able to reveal the defect. The suitable location to apply the laser
spot, which can reveal the defect; it has to be at crack’s vicinity, where if the laser spot is
applied into the crack’s proximity then the crack can be easily identified from the contour
itself. So it is not possible to detect the defect, if the spot laser applies into place far away
relative to the defect’s location. In this case, it should apply the laser spot at another place
and repeat this process until revealing the defect, i.e. until reaching the defect’s
proximity. Hence for an object with a large surface area, it is required to have a long
observation time until reaching the crack or its proximity then detecting the crack.

However, this limitation can be surmounted by applying multi spot in the same time then
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saving the time. But it is too expensive to use many laser sources to provide those multi

hot spots.

This thesis presents new thermography technique that can overcome these
challenges which can call it Laser Digital Micromirror Device Thermography (LDMDT
or simply LDMT). LDMT technique stands as an active infrared thermography approach
which is based on using a powerful laser beam and a digital micro-mirror device (DMD)
which can provide multi-hot spots in same time on the specimen’s surface being
inspected and saving the inspecting observation time in comparison with LST. Thus;
LDMT is a very attractive and powerful to be used instead of LST to detect the
micrometer cracks which are perpendicular to its surface; especially the specimens with
large surface area. A DMD chip has on its surface several hundred thousand microscopic
mirrors which are arranged in a rectangular matrix, where its mirrors can reflect a digital
image onto any surface; i.e. providing multi-spots on the specimen’s surface being
inspected by using only single incoming laser source, as it is clear in Figure 6.1 and

Figure 6.3 [162-163].

Basically, the DMD chip is a micro-mirrors array. Each Micromirror is 16 pm
square and there’s a gap of 1 um between them, making it a 17 um pitch. It reacts with a
processor that allows each mirror to move into two directions that could refer to on or off
state. With this matrix and the fact that micro-mirrors reflect light, the system is able,
when illuminated, to reflect the light (laser) onto any surface (test specimen’s surface),

see Figure 6.3 [164].
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Figure 6.1 Laser DMD thermography test setup

6.2 DIGITAL MIRROR DEVICE (DMD)

In 1987 Dr. Larry Hornbeck and Dr. William E. "Ed" Nelson of Texas
Instruments has invented and developed one of the earliest nano-technology devices,
represented by the Digital Micro Mirror Device or DMD. DMD is an optical
semiconductor which represents the core/heart of DLP projector technology (Digital
Laser Projector). The story of the DMD project began as the deformable mirror device in

1977, using micromechanical and analog light modulators. The first analog DMD product
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was the TI DMD2000 airline ticket printer that used a DMD instead of a laser scanner

[162,163].

The DMD chip is probably the world's most advanced light switch. It contains a
rectangular array of up to 8 million hinge-mounted microscopic mirrors; each of these

micro-mirrors measures less than one-fifth the width of a human hair [164].

The DMD is a unique combination of opto-mechanical and electro-mechanical
elements. The story starts with understanding how one pixel works and building on that
to encompass the entire array of pixels that comprise a DMD. The DMD pixel is an opto-
mechanical element in that these two positions estimate the direction that light is
deflected. In particular, the DMD is a spatial light modulator. By convention, the positive
(+) state is tilted toward the illumination; i.e. it is referred to as the on state. Similarly, the
negative (-) state is tilted away from the illumination; i.e. it is referred to as the off state

[163].

Simply, the DMD is an array of microscopically small of square mirrors (some
half a million or more in a space no larger than a finger nail) each of which has ability to
be turned on and off thousands of times per second. In which, each mirror or micro-
mirror corresponds to a single pixel in the projected or displayed image. In other words; a
DMD chip contains on its surface about millions or several hundred thousand
microscopic mirrors which are arranged in a rectangular array; i.e. array of individual

pixels, which are corresponded to the pixels in the image to be displayed [163,165,166].

The DMD is a square chip, based on computer RAM (Random Access Memory).

The chip has an array of microscopic mirrors, one on each memory location. The array
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dimensions being determined by the resolution of the particular DMD, i.e. the number of
mirrors set the resolution in the image to be displayed, based on that each single mirror in
the DMD chip equals one pixel in the image to be displayed. The RAM on the chip is
told to turn on or off or to show black or white on the screen. In the DLP projection, the
mirrors can be individually rotated £10-12°, to an on or off state. In the on state, light
from the projector bulb is reflected into the lens making the pixel appear bright on the
screen. Similarly; in the off state, the light is directed elsewhere (usually onto a heat
sink), making the pixel appear dark. The RAM chip can be changed thousands of times
per second allowing the mirror to oscillate and create different light levels or greys

[163,165,166].

4 1024 pixels >

+——- 768 rows —

Figure 6.2 DMD Array (consists of 768 rows of 1024 pixels long. 0 = off, 1 = on) [163]
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Figure 6.3 DMD technologies [163]
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6.3 BASIC CONCEPT AND THEORY FOR LDMT

Laser digital Micromirror device thermography stands as an active non-
destructive inspection thermographic approach. LDMT is based on an external thermal
excitation mode generated by a high power laser source. LDMT technique is a safe, non-
contact, non-destructive test, and fast in comparison with LST technique. LDMT presents
a detection IRT method of open surface cracks; with openings in the micrometer range.
The detection of open surface cracks is an important task to prevent structural failure.
Especially with regard to the widespread use of low ductility, high performance steel in
lightweight construction, this is a subject of increasing interest. Basically, LDMT can be
used in applications and fields that LST technique is used with. The observation and
measurement is based on the analysis of thermal contrasts in surface temperature
distribution in close neighborhood area of the stimulating laser spots. In previous section
(5); it has used LST technique by applied the laser to point on the test specimen’s surface
at the defect’s proximity area, then providing a heat spot and reveal the subsurface defect
easily since the defect’s location is already known. But in reality, the local location of the
subsurface crack is unknown. So it is required to repeat the processes of LST many times
by providing a heat spot upon the test specimen’s surface at each time until reaching the
defect’s position or its proximity that is maybe after covering most the specimen’s

surface. Hence; LST technique takes a long time to detect the subsurface cracks.

This work introduces an advanced thermography method to characterize cracks
starting at the surface; especially cracks perpendicular to its surface. In general this
technique is based on the LST’s operating principles. By using local thermal excitation it

IS possible to image anisotropies; faults, in the lateral diffusivity by recording the
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temporal temperature data with an infrared camera. The resulting temperature distribution
at the surface is recorded with an infrared camera, allowing estimating the heat flow into
the object. Therefore; LDMT is possible to accomplish a fast, contact-free and reliable

crack characterization in comparison with LST.

In general, the operation principle of LDMT is almost similar to this one in case
of LST. Basically; the phenomena as follow; pulsed laser source is used for producing a
high power focused pulsed laser spot on the sample near to a surface breaking crack to
generate a highly localized heating spot in which heat propagates radially by diffusion.
That is by aiming the laser beam of the excitation source into DMD device. Where, it can
control the DMD device by a computer and estimate where and how many heat spots are
needed to be produced on the specimen’s surface being inspected. A crack developed
perpendicular to the surface that is close to the heated spot will delay the lateral heat flow
and this disturbance can be easily observed by an IR camera, which will reveal the state
or fact of defect’s presence. The disturbance of the lateral heat flow caused by the crack
leads to an unsymmetrical thermal footprint of the laser. Due to the fact that this crack

acts as a barrier then changes the thermal diffusion rate.

As it has mentioned in previous section (5) that there are several parameters that
affect the thermal images or heat distribution pattern include: host material, crack
opening, length depth and geometry; laser power and pulse duration; spot imaging time

and spot distance from the crack.

The thermographic images of laser heated spots are perturbed by nearby cracks,

providing NDE techniques for crack detection. In compared with the LST, detect defects
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with LDMT results in a substantial reduction in inspection time. In other words, the
observing time of the LDMT thermography technique is shorter than that of the laser spot

thermography technique; whilst producing crack images of similar quality.

6.4 GEOMETRY AND MESHING

The geometry was studied numerically by using ANSYS tools and run it on a regular
computer machine and without needing a professional computer machine. This modeling
has been done via non-commercial ANSYS 14 through a transient thermal as an analysis
system. The test specimen has designed by Auto-Cad based, and then imported it to the
design modeler of geometry of ANSYS. For calibrating the analysis procedure, test
specimen sized (10 x 10 x 5 mm3) made of stainless steel plate with a fatigue crack has
developed perpendicularly to the surface. The defect represents a gap filled within air.
The thickness of the plate is 5 mm. The physics thermal properties of the inspected object
are shown in table 6.1. A mesh with (467,187) nodes and (306,324) elements created in a
sufficient accuracy features; as it is shown in Figure 6.4. The element size was not chosen
uniformly, but with high smoothing, fast transition, and fine span angle center. The test
specimen has stimulated from one side; the non-defective surface side, by a laser spot

with 1 mm diameter.
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Figure 6.4 Shows meshing of test specimen obtained via ANSYS 14

Table 6.1 Thermal properties of materials used in LDMT and LST simulations.

Thermal Specific _ Thermal
Conductivity Density TP
Heat Diffusivity
. K P 2
Materials Co , a [m</s]
[kg/m]
[Wim.K] [I/kg.K] o =ki(p.C,)
Structural steel 60.5 434 7850 1.7 E-05
Air 0.025 1000 1.205 2 E-05
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6.5 LST AND LDMT SIMULATIONS

Figure 6.5 shows the modeled surface temperature images, temprature distribution
of the test specimen’s surface (nondefective side), of a laser beam incident on a stractural
steel metal block obtained from this model. These thermal counters image has obtained
when the test object was excited by a laser pulse. The laser excitation is applied with
power of 22 Watt spot heating of 0.5 mm radius at several locality postions away from
the crack which is perpendicular to its surafce. The pulse width duration is 50 ms . The
width of crack (opening) is set to 50 pum, the length is 5 mm, and the depth is about 4

mm.

Figure 6.5 shows thermograms images that obtained by applying LST for some of
them and LDMT for others one, for the same spcimen model. In one hand, the laser spot
center, in LST simulation, was seted-up relative to the crack’s center as follow; 4 mm,
2.5 mm, 2.5 mm, 4 mm, and 0.5 mm, as it is clearly shown in shown in each of Figures
6.5a, 6.5b, 6.5¢, 6.5d, and 6.5e. On the other hand, for LDMT simulation, it has applied
three heat spots on the test specimen’s surface in one-time at different locations to
stimulate the object as follow; 3 mm on left side of crack, 1 mm, and 3 mm on right side

of crack, as it is clearly shown in shown in Figure 6.5f.

As it is mentioned previously in part 5.7 of section 5, it is clearly obvious in the
set of images of (a, b, ¢, and d) in Fig. 6.5 which looks likes that the specimen is
nondefective; especially with comparison to the thermoragm image of the nondefective
speciemn in Fig. 5.7a. But wherever the sopt heat being close to the crack as then the

pcrack presence will lead to form a reverse ‘D’ shape rather than a round shape in
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inspected specimen without crack as it is clearly shown in Fig. 5.7a; as shown in image
Fig. 6.5e and one of the three spots of Fig. 6.5f, because of the heat blockage by the

crack. Hence; it can detect the crack.

Figure 6.5 shows that using LST technique, it is not suitable to detect the
subsurface defect, especially cracks perpendicular to its surface, by applying the heat spot
far away from the crack proximity, as it is shown in Figures 6.5a, 6.5b, 6.5c, and 6.5d.
So it is required to apply the heat spot to another position until reaching the defect
proximity and revealing it, as it is shown in Fig. 6.5e. But it is appropriate to apply multi
heat spots in same time, to save the time and make the inspection in fast way, where
some of these spot may be in proximity area of subsurface defect; hence it can reveal the

defect as it is shown in Figure 6.5f.

Moreover; Figure 6.6 shows the temperature distribution on the test specimen’s
surface. First two images (frames), Fig. 6.6a, and Fig. 6.6b, show the temperature
distribution on the specimen’s surface at the time when the laser was still turned on. The
third image, Fig. 6.6¢, was at time of 50.01 ms, i.e. after 50 ms of starting the stimulation,
the laser spot was turned off and the heat started to dissipate through the examined
speciemn. If the pulse is long, heat will start to dissipate in the material whilst the laser is

still on. This phenomenon is more obvious in metal samples.
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Figure 6.6 clearly illustrates the sets of thermal images that are obtained by using
LST technique simulation and simulated thermal images that are obtained by using
LDMT technique. Hence, this is a good reasonably agreement to use the thesis’s proposal

technique, i.e. LDMT, which it is faster (save time) than LST technique.
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Figure 6.6 Temperatures distribution of test specimen’s surface by using LDMT

technique with three pulsed spot at different times [°C]
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7. CONCLUSION

Infrared Thermography is an attractive and powerful nondestructive testing and
evaluating inspection technique that provides a safe remote (non-contact) inspection of
components and structures without changing the integrity and properties of the examined
specimens and without causing any damage, through a mapping of thermal patterns on
the surface of the objects of interest. Defect detection fundamental in active
thermography is based on the fact that the variations in temperature that exists between
the reference area and a defective region based on its emitted infrared radiations, which

can be used for defect detection and quantification purposes.

In conclusion, for the in-plane defects which are parallel to its surface; such as
coating adhesion failures, delamination or impact damage in carbon fiber composites,

then it can use pulsed thermography technique (PT) or lock-in thermography (LT).

In one hand, data acquisition in pulsed thermography is quick, simple, and allows
the inspection of extended surfaces. However, non-uniformities of applied heating,
emissivity variations, surface geometry and reflections from the environment have a great

impact on thermal data obtained by PT.

Lock-in thermography, on the other hand, allows the reconstruction of phase
images that are less affected by the problems mentioned above. Furthermore, depth
quantification by lock-in thermography is performed simply through the diffusion length
equation; i.e. Eqg. (20). In spite of that, long acquisition times constitute the principal

drawback of lock-in thermography, since LT requires a single experiment test for every
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inspected depth for every inspected depth. Furthermore; in LT technique, permanent
regime has to be reached. Hence; these makes LT a slow technique in comparison with

PT, however LT allows achieving a high qualitative results.

Moreover for the defects which are perpendicular to its surface, especially the
micrometer cracks; such as fatigue cracks, then laser spot thermography (LST) technique
has ability for detecting and imaging these types of surface breaking cracks with
openings as small as a few micrometers; but data acquisition in LST is slow; i.e.
observation time in this technique is long. However; laser digital micromirror
thermography (LDMT) has ability to detect these types of perpendicular defects in

quicker way than in LST method.

The numerical modeling simulations of infrared thermography techniques, that
have been simulated based on FEM ANSYS in this thesis, have shown a reasonable
agreement in comparison to their corresponding experiments and authorized doing
infrared thermography nondestructive techniques via FEM ANSYS. Hence; this
demonstrates the truth that FEM ANSYS represents a powerful tool to be used as an IRT.
In other words, doing infrared thermography inspections via FEM ANSYS is a
successfully authorized to do more advanced researches and improvements about IRT
techniques and study the limitations that affect the result’s resolutions instead of doing it

laboratory; hence it helps to save time and money as well.
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The Workbench project schematic is a graphical representation of the workflow
defining a system or group of systems. From the toolbox a selection can be dragged and

dropped onto the schematic (or double clicked). In general, the steps as follow;

1. It can access ANSYS and launching its “Mechanical Workbench” from
the “Windows start menu”

2. Open Workbench and specify the unit system: Metric (kg, m, s, °C, A, N,
V)

3. Choose to “Display Values in Project Units”

4. Open the Workbench Project Schematic and choose a “Transient
Thermal” analysis system from the toolbox

5. Double click the Engineering Data cell to add/edit the materials

6. Highlight (single click) the Geometry branch to create and modifies
geometry as preprocessor for analysis models;
I. Double click the “Geometry” cell and design the geometry inside
the geometry “Design Modeler DM” or
ii. RBM (right click) the Geometry cell and import the geometry
model if it is already available and or done by another program such as
Auto-Cad

to assure this step was done in right way, it will appear a right sign.

7. Double click the “Model” cell to open the geometry in Mechanical project
application window
8. Expand the Geometry branch and assign the material to its specific part by

choosing the materials of each part of geometry model by select this part
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10.

11.
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from the geometry branch and then select its special material from the
window of “Graphics Properties” at branch of “materials”

Activate body selection to highlight whole the part that want to be
meshed, or activate specific face selection from the tools bar. Then
highlight the Mesh branch and expand the “Sizing” section in the details.
Note, the default mesh is quite coarse for this model;

I. Generate mesh based on its default specifications by RBM >
Generate mesh,

ii. If the default mesh is not good enough to achieve the desired mesh
then it is required to control the element size control through the tools
window of “Details of Mesh”

In case of needing to export the temperature surface distribution to
generate the “Ampligram” and “Phasegram” images as in LT and LST.
Then it is required to mesh the front surface of the specimen (stimulated
side which is the non-defective side) in way to generate rectangular
elements. To do that;

I. RBM on mesh cell> then will get a list, stand on the “Insert” and
will get another sub-list> choose “Mapping Face Meshing”

It can control the sizing of these rectangular elements through the tools
window of “Details of Mesh”

The initial/ambient temperature can be edited through the “Initial

Temperature” branch
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12. Step control, number of steps, and time steps can be controlled/edited
through the “Analysis Settings” branch; which can be used to control the
heat pulse long as in PT,LST, and LDMT

13. Scope the required “Heat Flux” or “Heat Flow” load onto part’s surface
can be applied by;

I. Activate face selection by choose the surface that is required to be
stimulated (heated up)

ii. Then RBM on this activated surface > Insert > Heat Flow/ Heat
Flux

14. Estimation the amount/value of the applied heat load through;

I.  Highlight the “Heat Flow/Heat Flux” cell branch of “Thermal
Transient” list will lead to appear a window of “Heat Flow/Heat
Flux” details

ii.  From this window, highlight the “Magnitude” cell and click on the
arrow which is placed on the right side of the in-front rectangular
of the “Magnitude” cell

iii.  Then will appear a list which contain some optional choices
iv.  Choose “Constant” if the applied heat load is constant as in case of
PT, LST, and LDMT, then estimate the heat load value by entering
its amount as digits in the magnitude field
» Controlling the heat pulse long (duration) can be controlled/edited form
the table of “Tabular Data” which is shown on the right bottom corner

of main window of “Transient Thermal of Mechanical Workbench”
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v.  Choose “Function” if the applied heat load is changed periodically
as in case of LT, then estimate the heat load amount by entering
the periodic thermal function in the magnitude field

» Be careful about how to enter the variables of the heat load function.
For instance; for a sinusoidal heat wave with power of (10000). Thus;
the function of the periodic thermal wave can be expressed as;
+«+ 10000-10000*cos (360*time); i.e. do not use t as a time but
use time as it is clearly shown in previous relation.
15. RBM on “Solution” branch in main list of project > “Insert” > “Thermal”
> “Temperature”
16. Solve > RMB and “Evaluate All Results”, which will show the result for
whole body
» To estimate the temperature distribution for a particular surface; such as
the front surface of the specimen (stimulated side which is the non-
defective side); then
» After doing step 15, then single click on the “Temperature” branch of
“Solution” branch of the main project list (on the left upper corner)
» Then form the window of details of “Temperature” > “Scope” > click
on “Geometry” filed then estimate the surface by activate face
selection

> Repeat step 16, which will give data results about this specific surface
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» RBM on “Temperature” branch > “Export” , which will export the date
time history (surface temperature distribution) of this surface as an
Excel sheet file

» The generated date sheet will be used for MATLAB CODE to help

producing the required “Ampligram” and “Phasegram” images

%  As Mechanical Workbench tools have ability to generate these results; then using

ANSYS Parametric Design Language (APDL) tools in ANSYS Mechanical APDL can

do that as well.
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These MATLAB codes that have used to generate the ampligram and phasegram
images that shows in this thesis. Data that used in those codes were generated via FEM

ANSYS in form of excel sheet data.

B.1 MATLAB CODE FOR LT TECHNIQUE

This code made by Hayder Abdulnabi Thajeel

clear,clc
W=xlsread('LT");

function [A]=amplitude(F);
n = length(F);
fori=1:n;
A(L,i)=sqrt(real (F(1,i)"2) + abs(imag(F(1,i)"2)));
end

function [phi]=angles(d);
phi=atan(imag(d(:))/real(d(®)));

% for plate dimensions of xt*yt which is 170*195 in this test

yt=0:0.1:195; % y axis which is corresponding to length of one of the surface edges
ny=length(yt);

xt=0:0.1:170; % x axis which is corresponding to length of second edge of the surface edges
nx=length(xt);

ky = 0;
kx = 0;
hx = 0;
hy = 0;

disp(" X y "); % for build new metrics
disp(' |

ht=0;

t=[1; % time vector
xe=0:0.1:170;
ye=0:0.1:195;

[X,Y]= meshgrid(ye,xe);
amp=[];
phii=[];
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fory =1:0.1:196; % due to mat-lab start from 1 NOT 0
yt2 =y - 1; % re-addressing to start from 0
ky = ky + 1; % for lopping to jump to next pixel

ko(ky) = ky-1,
yo(ky) = yt2;

forx =1:0.1:171
xt2=x-1,
kx =kx+1;

ht=ht+1
t(ht,:))=W(ht,);

d(ht,:)=fft(t(ht,:));
%h=fftshift(d);

a=amplitude(d(ht,:));
[aa bb]=max(t(ht,:));
amp(ht) = a(1);
amp22(ht) = aa;
b=angle(d(ht,:));
phii(ht) = b(1);
phii22(ht) = b(bb);

ko2(kx) = kx-1;
xo(kx) = xt2;

170

%disp([ht xo(kx) yo(ky)]; % fill the output data in its real position that corresponding to its address in input

excel sheet

%figure, plot(amp(ht))
end

end

% disp([ht' x0' yo'])

ampl=reshape(amp,nx,ny); ampl22=reshape(amp22,nx,ny); % re-addressing from 35*40 to real dimension

170*195 (plate dimension)
phie=reshape(phii,nx,ny); phie22=reshape(phii22,nx,ny);

set(gcf, 'Color’, [1,1,1]);
figure; surf(Y,X,ampl22),title('Real Amplitude");

set(gcf, 'Color’, [1,1,1]);
figure; surf(Y,X,phie22) title('Real Phase");

set(gcf, 'Color', [1,1,1]);
figure; surf(Y,X,abs(phie22)),title('Real Phase");
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B.2 MATLAB CODE FOR LT TECHNIQUE FOR MST LOGO MODEL

This code made by Hayder Abdulnabi Thajeel

clear,clc

W=xlsread('MST");

function [A]=amplitude(F);
n = length(F);
fori=1:n;
A(L,i)=sqrt(real (F(1,i)2) + abs(imag(F(1,i)*2)));
end

function [phi]=angles(d);
phi=atan(imag(d(:))/real(d(®)));

yt=0:0.1:50.8;
ny=length(yt);

xt=0:0.1:50.8;
nx=length(xt);

ky =0;
kx = 0;
hx =0;
hy =0;

disp(" X y )
disp(’ )

ht=0;

t=[1;
xe=0:0.1:50.8;
ye=0:0.1:50.8;

[X,Y]= meshgrid(ye,xe);
amp=[];
phii=[];

fory =1:0.1:51.8
yz=y-1
ky =ky + 1;
ko(ky) = ky-1;
yo(ky) = yt2;

forx =1:0.1:51.8
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xt2=x-1;
kx =kx +1;

ht=ht+1
t(ht,:)=wW(ht,’);

d(ht,:)=fft(t(ht,:));
%h=Ffftshift(d);

a=amplitude(d(ht,:));
[aa bb]=max(t(ht,:));
amp(ht) = a(1);
amp22(ht) = aa;
b=angle(d(ht,:));
phii(ht) = b(1);
phii22(ht) = b(bb);

ko2(kx) = kx-1;
xo(kx) = xt2;

%disp([ht xo(kx) yo(ky)])
%figure, plot(amp(ht))

end
end

% disp([ht' xo' yo'])

ampl=reshape(amp,nx,ny); ampl22=reshape(amp22,nx,ny);
phie=reshape(phii,nx,ny); phie22=reshape(phii22,nx,ny);

set(gcf, 'Color’, [1,1,1]);
figure; surf(Y,X,ampl22),title('Real Amplitude’);

set(gcf, 'Color’, [1,1,1]);
figure; surf(Y,X,phie22) title('Real Phase");

set(gcf, 'Color', [1,1,1]);
figure; surf(Y,X,abs(phie22)),title('Real Phase");
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B.3 MATLAB CODE FOR LST TECHNIQUE

This code made by Hayder Abdulnabi Thajeel

clear,clc

W=xlsread('MST");

function [A]=amplitude(F);
n = length(F);
fori=1:n;
A(L,i)=sqrt(real (F(1,i)"2) + abs(imag(F(1,i)*2)));
end

function [phi]=angles(d);
phi=atan(imag(d(:))/real(d(:)));

yt=0:0.1:10;
ny=length(yt);

xt=0:0.1:10;
nx=length(xt);

ky =0;
kx = 0;
hx =0;
hy =0;

disp(" x y
disp(’ )

ht=0;

t=[1;
xe=0:0.1:10;
ye=0:0.1:10;

[X,Y]= meshgrid(ye,xe);
amp=[l;
phii=[];

fory =1:01:11
yz=y-1
ky =ky +1;
ko(ky) = ky-1;
yo(ky) = yt2;

forx =1:0.1:11
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xt2=x-1;
kx =kx +1;

ht=ht+1
t(ht,:)=wW(ht,’);

d(ht,:)=fft(t(ht,:));
%h=fftshift(d);
a=amplitude(d(ht,:));
[aa bb]=max(t(ht,:));
amp(ht) = a(1);
amp22(ht) = aa;
b=angle(d(ht,:));
phii(ht) = b(1);
phii22(ht) = b(bb);

ko2(kx) = kx-1;
xo(kx) = xt2;

%disp([ht xo(kx) yo(ky)])
%figure, plot(amp(ht))
end

end

% disp([ht' xo' yo'])

ampl=reshape(amp,nx,ny); ampl22=reshape(amp22,nx,ny);
phie=reshape(phii,nx,ny); phie22=reshape(phii22,nx,ny);

set(gcf, 'Color’, [1,1,1]);
figure; surf(Y,X,ampl22),title('Real Amplitude’);

set(gcf, 'Color', [1,1,1]);
figure; surf(Y,X,phie22),title('Real Phase');

set(gcf, 'Color', [1,1,1]);
figure; surf(Y,X,abs(phie22)),title('Real Phase");
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